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Abstract

Hip disarticulations and hemipelvectomies are the highest level of lower limb amputations. As
such, these amputations create ambulation difficulties and current prosthetic solutions are limited.
Powered prosthetic joints have successfully improved lower limb amputee gait; however, no
powered hip joints are available on the market. This thesis presents the design and evaluation of a
microprocessor-controlled powered hip joint for hip-level amputees. A rope and pulley system was
used to transmit power from an actuator located at the prosthetic thigh to rotate the prosthetic leg
around an anteriorly-located prosthetic hip joint. The pulley system features an innovative
tensioning system using multiple keyways, allowing the system to be tensioned without external
tensioning devices. The powered hip prosthesis passed ISO 15032:2000 mechanical strength tests
that simulated 100 kg user loads. The joint was also tested by able-bodied individuals using a hip
disarticulation simulator to walk with the powered hip-knee-ankle-foot prosthesis. Though the
participants had asymmetrical gait with shorter intact-side swing time, the device successfully
allowed the participants to ambulate. The final device weighed 3.9 kg and respected geometric
design constraints to fit comfortably under pants. Future work is needed to implement a gait control

system, resolve a rope slack issue, and test the device with hip-level amputees.
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Chapter 1: Introduction

Prosthetic limbs are used to restore mobility for people with lower limb amputations.
However, design challenges such as providing adequate torque without a large weight lead to
greater energy requirements than people without amputations [1]. Walking performance is more
affected at more proximal amputation locations [2]. Hip disarticulation (HD) is amputation at the
hip and hemipelvectomy (HP) is the amputation of the entire leg plus a portion of the pelvic bone
[3]. People with these amputations often have difficulty walking with prostheses and less than 50%
of HD and HP amputees use a prosthesis in everyday life [4]. This low number is due to several

factors, including socket intolerance, instability, and excessive energy expenditure [4].

Advancements in prosthetic limbs, such as microprocessor-controlled damping and
powered joints, have improved lower limb amputee mobility [5]. However, there are currently no
powered or microprocessor-controlled devices on the market for hip-level amputations. A powered
hip prosthesis (PHP) would be able to replicate the hip moments that HD and HP amputees are
missing and thus restore a more natural gait. Furthermore, a microprocessor-controlled joint would

be better able to adapt to the walking environment and stumbles.

In this thesis, a microprocessor-controlled PHP design was developed for HD and HP
amputees. A mechanical pulley system was created in SolidWorks Computer-Aided Design
(CAD) software to transfer power from an actuator located on the thigh to an anterior hip location
consistent with current HD prostheses. Stress calculations and Finite Element Analysis (FEA) were
performed to ensure that the device can withstand the forces in walking, sitting, standing, and stair
climbing. Next, mechanical tests were performed on a prototype to validate the adherence to the
International Organization for Standardization (ISO) standard 15032:2000 Prostheses — Structural
testing of hip units. Finally, a hip disarticulation simulator was used to allow able-bodied
individuals to walk with the powered hip-knee-ankle-foot (HKAF) prosthesis.

1.1 Rationale

Currently, less than 50% of HD and HP amputees use a prosthesis in everyday life [4]. The
limitations of currently available devices result in unnatural gait patterns and increased energy

expenditure [6]. Adding an actuator to the hip prosthesis could restore hip flexion and extension



power, allowing people to recover a more natural gait. This has the potential to increase the low

end-user acceptance rates currently seen with HD and HP prostheses.

In addition to walking, the PHP will help users to complete other daily motions, such as
walking up and down stairs and going from sitting to standing and from standing to sitting. Stair
ascent could be particularly important, since HD and HP amputees are currently limited to the step-
by-step stair ascent strategy [7]. A power hip joint may allow users to employ the step-over-step

strategy, which is quicker and more efficient.

The PHP will be the first microprocessor-controlled prosthetic hip joint. Microprocessor
control may result in better reactions to user movements, including stumbles. This could increase

safety compared to non-microprocessor-controlled devices.

The actuator is located on the thigh, inferiorly to the hip centre of rotation. This system has
applications in other wearable systems where the power source may not be able to be located

directly at the joint.

1.2 Objectives

The overall goal of this thesis was to design and validate a mechanical system to transfer power
from an actuator located on the thigh to the hip centre of rotation in a microprocessor-controlled

PHP. The specific objectives are:

1. Design a mechanical power transmission system that will rotate the prosthetic leg about
the prosthetic hip joint using power from an actuator located on the thigh,

2. Integrate the mechanical design into a microprocessor-controlled PHP,

3. Evaluate the PHP mechanical properties in accordance with 1SO standard 15032:2000
Prostheses — Structural testing of hip joints,

4. Evaluate PHP function with able-bodied participants using a hip disarticulation simulator.

1.3 Thesis Contributions

The principal contribution of this thesis was the design and validation of a viable powered
hip joint that will improve gait for people with HD or HP amputations. Specific thesis contributions

are:



5.

Design of a light and compact pulley system capable of transferring the required torque
from the actuator to the hip joint. This design approach created a device that is thinner than
a person’s thigh, thereby fitting under clothes and potentially being aesthetically
acceptable. From a mechanical perspective, this pulley approach could be considered for
other powered systems where moving the motor away from the axis of rotation is desirable.
Mechanical design stress analysis that determined that the system is strong enough to
withstand loads encountered in walking, stair climbing, sitting, and standing. Strength
calculations confirmed minimum safety factors above 1 in all PHP components for both
static and cyclical loading conditions.

PHP mechanical testing that verified that the device adheres to ISO 15032:2000. The PHP
sustained the standard’s 100 kg user loads without permanent deformation.

PHP functional testing using a new HKAF prosthesis simulator, which demonstrated both
PHP and simulator performance for walking. Able-bodied participants successfully walked
with the PHP using the simulator.

Contribution to a published scoping review of HD and HP prostheses literature [8].

1.4 Thesis Outline

This thesis is divided into 10 chapters. Chapter 2 is a literature review of transfemoral

amputee gait and existing hip prostheses. Chapter 3 presents the PHP design criteria, including

mechanical requirements and geometric restrictions. Chapter 4 evaluates PHP design candidates,

including a direct drive system, a gear drive system, a belt drive system, a chain and sprocket

system, and a pulley and rope system. Chapter 5 presents the final PHP design and components.

Chapter 6 shows a failure analysis of the PHP components, using calculations and FEA. Chapter

7 outlines the prototyping process and presents pictures of the PHP prototype. Chapter 8 discusses

the PHP mechanical evaluation. Chapter 9 presents PHP functional testing using the hip

disarticulation simulator. Chapter 10 concludes the thesis with a results summary and future work
to be done on the PHP.



Chapter 2: Literature Review

This chapter reviews existing HD and HP prosthetic devices as well as kinetics and

kinematics of transfemoral (TF) amputee movement to help determine PHP design criteria.

2.1 Gait Cycle

The gait cycle is the series of motions that are repeated during locomotion, consisting of
stance phase where the reference foot is in contact with the ground and swing phase where the
reference foot is in the air [9]. Stance and swing can be further divided into seven subphases
(Figure 2-1).

The first subphase is loading response, which begins at initial contact when the reference
foot first contacts the ground and ends at opposite foot off when the contralateral foot leaves the
ground [9]. Next, midstance begins with opposite foot off and ends at heel rise, where the reference
foot heel begins to lift from the ground. Terminal stance follows midstance, ending at opposite
initial contact when the contralateral foot contacts the ground. Stance phase finishes with the pre-
swing period, which begins at opposite initial contact and ends with foot off, where the reference

foot loses contact with the ground.

Swing phase occurs from around 60% of the gait cycle to 100%, beginning with initial
swing [9]. The initial swing period ends at feet adjacent when both feet are aligned horizontally.
Feet adjacent marks the beginning of mid-swing, which ends when the reference leg tibia is
vertical. Terminal swing is the final subphase and lasts until initial contact, at which point the gait

cycle repeats itself.
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Figure 2-1 Gait cycle subphases and events [9]

Each gait cycle subphase features unique kinetics and kinematics at the ankle, knee, and
hip. The angles, moments, and powers observed throughout the gait cycle provide quantitative
measures to compare normal and pathological gait. These values are important when developing
a prosthetic device that will be able to withstand the loads faced during locomotion, as well as

provide the necessary power to replicate natural gait patterns.

In this thesis, the PHP was only evaluated for level-ground walking because simple gait
controls were developed for walking. A final PHP with an appropriate control system should be
able to perform other daily motions. Specifically, the PHP should accommodate sit-to-stand, stand-

to-sit, stair climb, and stair descent movements.

2.2 Transfemoral Amputee Mobility

TF amputations occur between the knee and the hip, allowing the amputee to retain normal
hip function and achieve better mobility than HD and HP amputees [5]. The PHP uses the same
knee and ankle prostheses as TF amputees and aims to replace the muscle function at the hip with
an actuator. Therefore, TF amputee gait is a reasonable reference for the PHP. The objective is to

attain similar symmetry, gait parameters, and functional abilities as observed in TF amputees.



2.2.1 Transfemoral Amputee Gait

A study by Segal et al. [10] looked at the gait of eight TF amputees using two different
prosthetic knees, Ottobock C-Leg with microprocessor-controlled damping (Figure 2-2) and Ossur
Mauch SNS knee (Figure 2-3), which is non-computerized. Average joint angles, moments, and

power are presented in Figure 2-4.

Figure 2-2 Ottobock C-Leg with microprocessor-controlled damping [11]

Figure 2-3 Ossur Mauch SNS knee [12]
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Figure 2-4 Prosthetic limb kinematics and kinetics for participants wearing C-Leg (solid line), Mauch SNS
(dashed line), or control group (dotted line) [10]. Power generation (Gen) indicates a concentric motion
where the hip is generating the movement. Power absorption (Abs) indicates an eccentric motion where the
hip is resisting motion caused by gravity or momentum.

The kinematic and Kinetic results for the C-Leg are of particular importance to this thesis
since the PHP will be paired with a microprocessor-controlled knee. The maximum hip moment
for participants walking with the C-Leg was 1.275 Nm/kg of flexion [10], occurring in pre-swing

when the hip is at its maximum extension.

Three values of interest for power generation at the hip (Figure 2-4) are: H1, peak sagittal
plane hip power generation in early stance; H2, peak sagittal plane hip power absorption in
midstance; and H3, peak sagittal-plane power generation in late stance [10]. For C-Leg, H1 = 0.46
W/kg, H2 = 1.0 W/Kkg, and H3 = 0.75 W/kg [10].

2.2.2 Transfemoral Amputee Sit-to-Stand and Stand-to-Sit

Another important daily motion is sitting down and standing up. With adults averaging 60
sit-to-stand movements a day [13], prosthetic devices need to support this motion in a smooth and
timely manner. Highsmith et al. [14] studied joint kinetics asymmetry for unilateral TF amputees,

comparing the sound leg ground reaction forces (GRF) and joint moments to the prosthetic side



for four groups: a non-amputee control group, C-Leg users, Mauch SNS users, and Ossur Power

knee users (Table 2-1). Force plates measured GRFs that participants exerted onto the ground.

Table 2-1 Participant mean and standard deviation for sit-to-stand and stand-to-sit Kinetic results, for an
able-bodied control, Ossur Power Knee, C-Leg, and Mauch SNS knee groups, where Pros is the prosthetic
side for the prostheses groups and the non-dominant side for the control group, and intact is the healthy
non-amputated side for the prostheses groups and the dominant side for the control group [14]

Pros Knee Intact Pros Hip Intact Hip Total
Intact . Knee . .
Pros GRF Flexion - Extension Extension Event
Group GRF Flexion .
(N/kg) (N/kg) Moment Moment Moment Moment Duration
(N/kg) (N/Kg) (N/kg) (N/kg) (s)
Sit to stand
Control 52+05 6.0+0.5 -0.44 +0.16 -041+0.16 | 0.44+£0.13 | 0.66 +£0.12 16+0.1
Power knee | 2.7+0.9 8.8+0.7 0.06 +£0.04 -0.57+0.15 | 046 +£0.19 | 0.92+0.26 16+0.3
C-Leg 1.9+0.6 9.1+£0.1 0.02 £ 0.06 -042+0.15 | 0.25+0.15 | 0.91+£0.36 20+£0.8
gﬂljg‘:h 1.7+06 | 96405 | 004+002 |-059+022 | 0.26+0.08 | 1.02+0.14 | 1.7+05
Stand to sit
Control 5.2+0.7 59+0.7 | -0.40+0.14 -0.43+0.21 | 0.47+£0.20 | 0.66 +£0.20 1.6+0.2
Power knee | 3.4+1.0 6.5+0.8 | -0.05+0.16 -0.36+£0.21 | 0.32+£0.19 | 0.78 +0.15 23+0.8
C-leg 22+0.9 7.3+0.8 | -0.05+0.14 -048+0.16 | 0.12+0.09 | 0.70+0.18 28+0.6
gﬂljg‘:h 20409 | 81407 | 003+008 |-057+0.14 | 028+0.10 | 0.76+0.12 | 2.1+0.4

The largest prosthetic side hip moment in sit-to-stand was 0.46 £+ 0.19 N/kg (mean and
standard deviation) for the power knee users; however, no significant differences were found
between the four groups (p < 0.05) [14]. The level of asymmetry between the prosthetic leg and
the sound leg, or the dominant and non-dominant legs in the control group, was measured as the
difference between the sound (or dominant) side hip moment and the prosthetic (or non-dominant)
side hip moment, over the sum of the two moments. The control group had 21 + 10 % asymmetry,
compared to 34 + 16 % for power knee users, 54 + 36 % for C-leg users, and 59 + 8 % for Mauch
SNS users [14]. Significant differences were found between Mauch SNS group asymmetry and
both the control and power knee groups (p < 0.05 ) [14]. Asymmetry between the two legs is
detrimental because it places more work on the intact limb. Therefore, increasing the moment on

the prosthetic side is beneficial to reducing asymmetry.

In stand-to-sit, the largest prosthetic side hip moment was 0.47 + 0.20 N/kg in the control

group. The only significant difference (p < 0.05) between the four groups was between the control



group and the C-Leg users, who had an average prosthetic side hip moment of 0.12 £ 0.09 N/kg.
These groups also had significantly different hip moment asymmetries with 19 + 10 % asymmetry

in the control group and 71 + 20 % asymmetry in the C-Leg group.

The total event duration (Table 2-1) provides another PHP design parameter. The device
should allow the user to sit down and stand up in a similar amount of time to TF amputees. For C-
Leg users, the event duration for sit-to-stand was 2.0 + 0.8 s and stand-to-sit was 2.8 = 0.6 s.

When examining correlations between the amputated leg residual limb length and joint
moments during sit-to-stand and stand-to-sit [15], no significant correlations were found between
residual limb length and hip moment on the prosthesis side for sit-to-stand or stand-to-sit.
Therefore, the values described in [14] for hip moments and event duration should be applicable

to TF amputees in general, regardless of residual limb length.

These two studies have limitations since each participant only used one of the knee
prostheses, so there could be other factors affecting differences between the groups [14], [15].
Furthermore, many hip moment results had large standard deviations; however, these results can
still provide a good baseline for the level of torque required at the hip joint while performing sit-
to-stand and stand-to-sit.

2.2.3 Transfemoral Amputee Stair Ascent and Stair Descent

Stair climbing is an important aspect of mobility that can greatly improve a user’s access
to buildings and varied terrain. A study with 12 TF amputees wearing the C-Leg knee joint found
that the peak hip flexion moment on the prosthetic side during stair descent was 0.47 £ 0.25 Nm/kg
[16]. This was a non-significant (p < 0.05) difference from the non-amputee control group, who
had a peak hip moment of 0.39 £ 0.16 Nm/kg [16]. TF hip joint moments followed a similar pattern
to the control group, beginning with flexion moments in the early support phase, followed by
extension moments [16]. Wolf et al. found that the peak hip power generation in stair descent for
TF amputees using the C-Leg was 0.4 + 0.2 W/kg [17].

Another metric used to measure stair ambulation performance is the stair assessment index
(SAI). SAl is a 14-level scale that describes the person's functional independence and technique
in stair ascent and descent [18]. The levels range from 0, indicating that the participant cannot or

will not perform the activity, to 13, indicating that the participant can ascend or descend the stairs
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in a step-over-step pattern without the use of an assistive device or rail [18]. SAI scores for TF
amputees in stair descent were around 10 when participants used a microprocessor-controlled knee

and around 4 when the same participants used a non-microprocessor knee [19].

For stair ascent, peak hip power generation was 2.0 = 1.2 W/kg for C-Leg users [17], with
an SAI score of around 5 for both microprocessor-controlled and non-microprocessor knees [19].
Similarly, a mean SAI value of 6.2 and a median value of 5 for TF amputees in stair ascent were

also found [20], and SAI scores were not correlated with residual limb length [20].

2.3 Hip Disarticulation and Hemipelvectomy Prostheses

With a small population of HD and HP amputees, the market for hip prostheses is small
and few advancements have been made in this field compared with other prosthetic joints [4]. Still,

several types of hip prostheses provide a good starting point for the PHP design.

2.3.1 Canadian Type Hip Prosthesis

The Canadian hip prosthesis was proposed by McLaurin in 1954 [21], and many
exoprosthetic hip joints today are still based on that model. Two important aspects of the Canadian
hip disarticulation prosthesis are hip joint position and knee joint position. The hip joint is located
anteriorly and inferiorly to the anatomical hip joint [22]. This positioning allows the user to sit
down while donning the prosthesis. The hip joint is a hinge that allows rotation in the sagittal plane
and prevents medial/lateral rotation [22]. The knee joint is positioned posteriorly to the hip joint,
such that the load line from the foot to the hip always passes anteriorly to the knee joint [23]. This
ensures that, as long as the prosthesis bears weight, the knee joint is stable and will not buckle
[23]. The knee only flexes once the user initiates swing phase through upper thigh contact with an
elastic bumper on the hip socket [23]. The Canadian hip prosthesis is pictured in Figure 2-5,
demonstrating the anterior hip joint position and the corresponding knee joint position, along with
the bumper located on the hip socket.

10
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Figure 2-5 Canadian-type hip disarticulation prosthesis design [21]

Though Canadian hip prosthesis joint alignment creates stance phase stability, it also
results in unnatural gait. The knee remains fully extended throughout stance phase [24], [25].
Contrarily, in normal gait, the knee reaches an 18° maximum stance phase flexion during loading
response [26]. This stance phase knee flexion is one of the six determinants of gait that minimize
energy consumption by reducing centre of gravity movement [27]. Knee flexion shortens the
effective leg length, keeping the hip height as constant as possible [27]. When the knee remains
fully extended, the body’s centre of gravity rises and falls as the trunk moves over the extended

leg. This results in a less efficient gait and higher energy expenditure [27].

Knee flexion in swing phase with a Canadian hip prosthesis is also less than in normal gait
[24], [28]. This results in another Canadian design drawback since the prosthetic leg must be
shorter than the non-amputated leg to provide adequate toe clearance without vaulting [29].

Another concern is that hip extension is not controlled until the leg hits a bumper on the hip socket

11



[22]. This can result in spine issues and causes the user to reach full hip extension before
contralateral toe off, which is earlier than in normal gait [4]. Other deviations from normal gait
seen in the Canadian hip prosthesis are a later hip flexion in swing phase, and increased pelvic tilt
[4], [22], [28], [30]. These differences result in a less natural and more energy-consuming gait.

2.3.2 Helix3D Hip Prosthesis

The prosthetics company Otto Bock developed the Helix3D hip joint (Figure 2-6) that aims
to reduce pelvic tilt, support swing phase initiation, and improve shock absorption, to allow for a
more natural gait [31]. The joint uses a spatial four-axis mechanism to allow for natural internal
and external hip rotation throughout the gait cycle, and hydraulic stance and swing phase resistance
control [31].

Figure 2-6 Otto Bock Helix3D Hip Joint [31]

The Helix3D is mounted to the user’s hip socket using a lamination plate (Figure 2-7). The
lamination plate is a metal plate that is embedded into the hip socket. Prosthetic hip joints are

bolted into the lamination plate.
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Figure 2-7 Lamination plate that gets embedded into a hip socket. Hip joints are secured to the lamination
plate [32]

In a 2011 study, 6 participants with HD walked with both the Helix3D hip joint and the
7ET joint, which is based on the Canadian model [4]. The Helix3D extended slower than the 7E7
and reached full extension later, which resulted in a less abrupt stop that more closely resembled
natural gait [4]. The range of pelvic tilt was also significantly (p < 0.05) reduced by 5° + 3 with
the Helix3D system [4]. Furthermore, both stance phase knee flexion and maximum swing phase
knee flexion were greater with the Helix3D than with the 7E7 [4]. These results suggested that the

Helix3D can reduce gait abnormalities seen with traditional hip joint designs [4].

Conversely, Gailledrat et al. [33] found that people had difficulties walking with the
Helix3D. Of the three participants in the study, the gait pattern improved for only one person who
had his knee joint and prosthetic feet changed as well, which may partly account for the
improvement. All three participants ultimately discontinued Helix3D use due to comfort problems
[33]. A longer adaptation period may improve results with the Helix3D, but this study indicated

that hip prosthesis improvements are still required.
2.3.3 Powered Hip Prostheses

Dampened devices can mimic isometric and eccentric muscle activity by resisting motions,

but only powered devices can replace concentric muscle actions. Adding an actuator to the
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prosthetic system can provide the power needed to perform gait motions that are otherwise
impossible for people missing the required leg muscles. This added functionality can reduce
energy consumption and asymmetries in gait, as well as increase walking speed [5]. Though
actuators have been used in ankle and knee prostheses, there are no powered hip devices on the
market to date [5].

Although no power hips are commercially available, recent studies have shown the
potential of such a device [34], [35]. Ueyama, Kubo, and Shibata developed a robotic hip
disarticulation prosthesis with two motors to power both the hip and knee joints [34]. They
compared non-amputee gait using the robotic device with the same person using a non-powered
device. The participant had a more natural and symmetric gait when using the powered device
compared to the non-powered one [34]. The non-powered device produced a short step length and
forward lean, both of which were eliminated with the robotic device [34]. One limitation is that
the powered prosthesis was much heavier than other hip prostheses [34]. This extra weight means

that the power hip joint may not reduce fatigue, although the gait will be smoother [34].

Another study demonstrated that a powered hip exoskeleton can reduce the metabolic cost
of walking for TF amputees [35]. Unlike prostheses, which replace the missing limb, exoskeletons
are external devices that attach to the natural or prosthetic leg. The authors reported a metabolic
improvement “equivalent to removing a 12-kg backpack from a nonamputee individual” when TF
participants walked with the powered device [35]. Though this study examined an exoskeleton
instead of a prosthesis and involved TF instead of HD participants, the results demonstrated the
positive effect of adding power at the hip joint. These benefits will likely translate to a powered

hip prosthesis.
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Chapter 3: Design Criteria

This chapter presents the PHP design criteria. These criteria were selected to ensure that
the PHP can withstand ambulatory loads and provide adequate power to replicate TF gait in HD
and HP amputees. The PHP design must use power from the actuator to rotate the prosthetic leg
about the hip centre of rotation following the design criteria outlined in this chapter.

3.1 Device Weight

Lower prosthetic leg weight is correlated with reduced walking metabolic cost [36]. As
such, the PHP has a maximum weight criterion to minimize the users’ energy expenditure. This
weight limit encompasses all the PHP components, including the hip joint that affixes to the socket,
power transmission system, actuator, battery, and all structural pieces. Also included in the weight
limit is the pylon that connects the PHP bottom to the knee.

Ossur’s power knee weighs 3.2 kg [37] and the PHP uses the same actuator and battery as
the power knee. The PHP is also a more complex system than the power knee because, unlike the
knee, it is not a direct drive system and hence requires additional components to transmit rotational
power. Therefore, the PHP requires a maximum weight criterion greater than 3.2 kg. Fortunately,
increased mass affects metabolic cost less when the mass is located proximally [36]. Since the
PHP mass is proximal to the hip, the mass will not be as detrimental in terms of energy expenditure.
To allow room for the additional components while keeping the weight minimal, a 4.0 kg

maximum device weight was chosen.

3.2 User Weight

As user weight increases, the GRFs and, consequently, the forces on the prosthesis
increase. A maximum user weight must therefore be enforced to ensure that the prosthesis can
support ambulatory loads. The stress analysis and power requirements are based on this maximum
user weight. A larger maximum user weight allows a greater percentage of the population to use

the device but requires more strength and often results in a heavier device.

The leading-edge HD prosthesis, OttoBock’s Helix3D, has a user weight limit of 100 kg
[38]. 100 kg is the 75" mass percentile for adult men, but since prosthetic legs weigh less than
anatomical legs, this weight limit encompasses greater than 75 percent of men. The prosthesis
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weight limit includes the device weight itself. Using a conservative 10 kg estimate for the total
prosthesis weight [39], [40], the 100 kg weight limit allows for an amputee weight of up to 90 kg.
Considering that HD and HP amputees are missing a leg, which is on average 20.37% of the body
weight [41], a 90 kg amputee would be equivalent to a 113 kg non-amputee. 113 kg is greater than
the 90" mass percentile for adult females in the US and greater than the 85™ percentile for adult
males in the US [42]. 100 kg was therefore selected as the maximum user weight to be consistent

with the Helix3D and because it covers a large percentage of the population.

3.3 Strength

Strength is an important factor in PHP design. The device must support users throughout
gait and other daily movements without failure. The actuator will also place loads on the PHP that

must be withstood.

ISO standard 15032:2000 [43] outlines structural testing requirements for prosthetic hip
joints. These test loads serve as design criteria for the PHP. Firstly, for a 100 kg user, the hip joint
must be able to withstand a 2240 N load for 30 seconds without failure or total device deformation
greater than 15 mm. The joint must also not experience ductile failure at a load below the ultimate
test force of 3360 N. Finally, the PHP must be able to withstand 2x10° cycles of cyclic testing with
a minimum force of 50 N and a maximum force of 1330 N.

Additionally, the PHP must be able to withstand any loads generated by the actuator. These
loads depend on the power transmission design and are considered in the stress analysis.

3.4 Range of Motion

The PHP must have a normal hip range of motion. As the leg rotates, the mechanical
components must not impede the range of motion. Specifically, the leg must not hit the socket
during extension (except by design when a physical stop is used at maximum extension).
Additionally, the method of power transmission must allow for sufficient flexion when performing

daily tasks. Range of motion design criteria define the range of motion that the PHP must attain.

Non-amputees walk with 20° maximum hip extension [10]. Though TF amputees walking
with the C-Leg only had 8° hip extension [10], a design criterion of 20° hip extension was chosen

to accommodate variances in gait.
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90° of hip flexion is needed to sit comfortably. A greater range of motion is necessary to
perform tasks that involve bending forwards, such as tying shoes. As such, a 130° hip flexion

criterion was selected.

3.5 Hip Moment

The Ossur actuator used in the PHP has a 96 Nm maximum torque output. The PHP design
must transmit this torque to the hip joint to cause hip flexion and extension. The method of power
transmission must be able to provide adequate moments at the hip as defined by a maximum hip
moment criterion. This criterion was chosen based on the maximum hip moments seen during TF

and non-amputee gait and sitting and stair-climbing motions.

The maximum hip moment during gait is in pre-swing during power absorption [10]. The
hip generates a flexion moment to resist further extension. To reduce the load on the actuator, a
physical stop can prevent the leg from extending past the maximum extension angle. Therefore,
the maximum torque needed from the actuator is when the hip enters power generation. At this
point, the leg begins to move in flexion so the moment can not be achieved with a physical stop.
The maximum TF amputee power generation hip moment is 1.08 Nm/kg for Mauch SNS users
and 1.23 Nm/kg for C-Leg users. For non-amputees, the maximum power generation hip moment
15 0.793 Nm/kg [10]. For a 100 kg user, these values are equivalent to 108 Nm for the Mauch SNS

users, 123 Nm for C-Leg users, and 79.3 Nm for non-amputees.

To reduce the hip moment asymmetry between the prosthetic and intact legs during sit-to-
stand and stand-to-sit, the maximum prosthetic-side hip moments of all groups were used as design
criteria for these actions. The power knee group has the largest prosthetic-side hip moment for sit-
to-stand with 0.46 N/kg [14]. Incorporating the power knee group's mean height of 180.1 cm and
the maximum user weight of 100 kg results in a 82.8 Nm moment. The control group has the
largest stand-to-sit prosthetic-side hip moment with 0.47 N/kg and has a mean height of 174.4 cm
[14]. Therefore, the maximum moment required for stand-to-sit is 82.0 Nm. In stair descent, C-
Leg users generate a maximum prosthetic side hip moment of 0.47 Nm/kg [16]. For a 100 kg user,

this would be equivalent to 47 Nm.

The largest hip moment observed in these four daily movements is in TF amputee gait.

Though ideally, the PHP would provide the 123 Nm hip moment seen in C-Leg user gait, hip
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angular velocity can be increased with the motor, generating the same amount of power with less
torque. Using the Ossur motor’s 96 Nm maximum output as the design criterion means that a 1:1
torque ratio can be used between the actuator and hip joint. Not amplifying the torque simplifies
the design and likely makes the device lighter. A 96 Nm hip moment is greater than the moment
needed in non-amputee gait and is also larger than the moments required in TF sit-to-stand, stand-

to-sit, and stair descent. Therefore, a 96 Nm hip moment criterion was selected.

3.6 Angular Velocity

Like with the hip moment, an angular velocity design criterion that must be met when the
PHP transfers the power from the actuator to the hip. The leg rotates about the hip at varying
angular velocities throughout the gait cycle. The PHP must match these angular velocities to
replicate TF amputee gait and sustain an adequate walking speed. The maximum angular velocity

needed at the hip is based on the maximum angular velocity observed in TF amputee gait.

At a 1.1 m/s walking speed, the maximum C-Leg user prosthetic side hip angular velocity
is approximately 130 °/s [5]. Non-amputee controls experienced a maximum hip angular velocity
of around 150 °/s at the same walking speed. TF amputee self-selected walking speeds have been
reported between 0.82 m/s and 1.2 m/s [44]-[46]. Therefore, the angular velocity measured at 1.1
m/s walking speed should be appropriate for most TF amputee gait. A design criterion of 150 °/s

was chosen to accommodate gait variances and faster walking speeds.

3.7 Anterior Protrusion

The PHP must be able to easily fit under the user’s pants. Therefore, it must not protrude far
in front of the socket. A design criterion was chosen that the PHP could not protrude at the hip

joint more than 20 mm anteriorly from the top of the lamination plate.

3.8 Medial and Lateral Protrusion

To avoid hitting obstacles, the PHP should not protrude laterally beyond the user’s hip width.
Thus, a lateral protrusion design criterion was used. To ensure that the PHP could be used by as
many people as possible, the lateral protrusion was designed using the 15" percentile female hip
breadth, which is 31.96 cm [47]. 31.96 cm is also between the 10" and 15" percentile of male hip

breadth [47]. Since the lamination plate is located ¥4 of the hip breadth from the socket’s lateral
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end (Figure 3-1), the PHP should not protrude farther than 31.96/4 or 7.99 cm laterally from the

lamination plate’s center.

Centre of the body (navel)

Alignmenit
reference line

Figure 3-1 Medial/lateral alignment of lamination plate in socket [48]

The PHP medial side requires more clearance to avoid hitting the contralateral leg.
Therefore, the medial protrusion was limited by an additional 3 cm to 4.99 cm from the lamination

plate centre.

3.9 Device Length

The PHP length needed to be minimized to ensure that the prosthesis would fit within the
user's thigh length. The total PHP length includes the power transmission system, the electronics
chassis that houses the battery and all other electronic components, and a pylon at the bottom to
connect the PHP to the knee. A longer pylon can be used to accommaodate taller users, so the short
end of the height range is the main design concern. The 15th percentile women’s height is 1541.8
mm and the 15" percentile men’s height is 1676.4 mm [49]. To accommodate the largest number
of people, the PHP maximum length will be based on the shorter of the two heights, 1541.8 mm.
Using anthropometric data, thigh length is 0.245*height [50], or 377.74 mm for the 15™ percentile
women. This length accounts for the vertical distance between the knee joint and the hip joint, but
since the PHP will be at an angle, the total length will be longer than 377.74 mm and trigonometry

is required to calculate the total allowable length.
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A schematic was used to determine the maximum allowable device length (Figure 3-2).
The knee joint was located 30 mm posterior to the load line [51]. The load line location relative to
the hip depends on the user, so a conservative estimate located the load line at 1/3 of the lamination
plate length from the front. The length of the lamination plate bottom is approximately 130 mm,
so the load line was placed 43.3 mm from the front. The neutral standing position was set at 5° of
extension from vertical. A height-adjustable pylon was used so that the prosthetist can adjust leg
length for each user. Ossur’s shortest height-adjustable pylon has a minimum length of 77 mm

[52]. These values are displayed in Figure 3-2.

- = 130.00
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Figure 3-2 Schematic for determining the maximum allowable PHP length (green line) with a 77 mm pylon
(orange line). The knee joint is located 30 mm posterior to the load line (grey dashed line), which is 1/3 of
the lamination plate length (blue line) from the front.

Equations were written for the total superior-inferior length between the hip and knee joints (Eq.
3-1) and the total anterior-posterior distance between the hip and knee joints (Eq. 3-2), based on

Figure 3-2:
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L * cos(5) + 77 * sin(8) = 377.74 (Eq. 3-1)

130
L *sin(5) + 77 * cos(f) = — + 30 (Eq. 3-2)

3
where L is the PHP length (including the power transmission system and electronics chassis, but

not the pylon), and @ is the pylon angle from horizontal (Figure 3-2). Solving the set of equations,
L =316.98 mm and 6 = 53.59°. The length from the bottom of the electronics chassis to the
motor’s centre is 220.5 mm. Therefore, the distance from the motor’s centre to the hip joint must
be kept under 316.98 mm — 220.5 mm = 96.48 mm.

3.10 User Safety

User safety is very important so the PHP must not have any open finger traps that could

pinch or harm the user. Any possible hazards must be covered.

3.11 Design Criteria Summary

Table 3-1 summarizes the PHP design criteria.

Table 3-1 Summary of PHP design criteria

Criteria

Values

Device weight

Maximum 4.0 kg

User weight

Maximum 100 kg

Strength

Withstand 2240 N load for 30 s without failure or deformation >15 mm
Withstand 3360 N without ductile failure
Withstand 2x108 cycles between 50 N and 1330 N without failure

Range of motion

Minimum 20° hip extension
Minimum 130° hip flexion

Hip moment

Minimum 96 Nm

Angular velocity

Minimum 150 °/s

Anterior
protrusion

Maximum 20 mm from top of lamination plate

Lateral protrusion

Maximum 7.99 cm from centre of lamination plate

Medial protrusion

Maximum 4.99 cm from centre of lamination plate

Device length

Maximum 96.5 mm between the motor’s centre and the hip joint

User safety

No uncovered finger traps
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Chapter 4: Design Candidates

This chapter presents multiple design candidates that were considered for the PHP power
transmission system, including direct drive, gear drive, belt drive, chain and sprockets, and rope
and pulleys. Ultimately, as a result of the analysis outlined in this chapter, the rope and pulley
system was chosen as the best option for the final PHP design.

4.1 Actuator

The actuator selected for the PHP design was the custom DC motor used in Ossur’s power
knee prosthesis (Figure 4-1). This actuator has high torque, small size, and has proven successful
as a knee actuator for users up to 116 kg [57]. The 96 Nm maximum torque and 300 °/s maximum
angular velocity provide adequate moments and speed to meet the hip functional requirements
outlined in Chapter 3:. The actuator outer diameter is 77 mm, which should be small enough to
design a device within the geometric constraints. All design candidates discussed below were

designed around the Ossur power knee actuator.

&

Figure 4-1 Ossur Power Knee [57]

4.2 Monocentric Versus Polycentric Hip Joint

The first design consideration was the type of joint to use at the hip. Prosthetic joints can
be classified into two groups: monocentric and polycentric. Monocentric joints have a singular

centre of rotation throughout the full joint range of motion. Polycentric joints, like four-bar
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linkages, have an instantaneous centre of rotation that changes throughout the joint range of
motion. The polycentric joint instantaneous centre of rotation is based on the joint angle. Both
monocentric and polycentric joints have been used in hip prostheses, and they each provide
advantages and disadvantages.

The first noted advantage of polycentric joints is increased stability. Prosthetic knees such
as the Ottobock 3R106 and the Ossur OH5/KH5 use four-bar linkages to provide increased
stability in stance [53]. In monocentric knees, the knee is stable in weight-bearing when the knee
centre is behind the user’s load line [54]. When knee flexion begins, the knee center passes anterior
to the load line and the knee is no longer stable. With a four-bar linkage, the linkages can be
designed such that the instantaneous center of rotation remains posterior to the load line through
the beginning of flexion. Thus, the knee remains stable through a larger portion of stance phase.
The Helix 3D hip joint uses a polycentric hip joint to create stability using the same approach as
polycentric knee joints [4]. Since a PHP uses a microprocessor-controlled motor, the hip joint can
remain stable throughout the entire range of motion, even with a single-axis hip joint. Therefore,
the additional stability from a polycentric joint does not provide a large advantage in a PHP.

Polycentric hip joints can help with toe clearance during swing phase [55]. This same
advantage is reported in polycentric knees [56]. However, in a comparison of 11 polycentric knees
and 2 monocentric knees, one monocentric knee provided more ground clearance than 8 of the
polycentric knees [53]. Therefore, a monocentric knee joint with proper alignment and swing phase
control may generate greater ground clearance than a polycentric knee [53]. Similarly, an
optimized hip design could provide adequate toe clearance without a polycentric joint. The PHP
actuator can increase the hip angular velocity at the start of swing phase to cause increased knee

flexion and, consequently, increased toe clearance.

Polycentric hip joints can also increase prosthetic hip maximum extension [55]. The PHP
must reach a full range of normal extension so that the contralateral step length is not limited. A
20° extension criterion was selected to ensure that the PHP can achieve a full range of motion. If
this requirement is attainable with a monocentric hip joint, then there is no need for any further

extension that a polycentric joint may provide.

The main disadvantage of polycentric hip joints is that they are more complex and have

more components than monocentric hip joints, which may produce a heavier system that is more
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expensive and difficult to machine and assemble than a monocentric joint. Also, polycentric joints

take up more space than monocentric joints.

Since most monocentric joint disadvantages can be mitigated with a microprocessor-
controlled motor and appropriate design, and since polycentric joints have other disadvantages, a

monocentric joint design was selected for the PHP.

4.3 Direct Drive System

The hip joint is mounted anteriorly, consistent with existing hip prostheses. This allows the
user to sit while wearing the prosthesis. The simplest hip rotation solution would be to drive the
hip directly from the motor. If the motor is placed at the hip joint, then the motor can rotate the leg
around the hip center without additional components. This would be the simplest, lightest option
with the fewest parts and assembly steps. But the Ossur actuator has a 77 mm diameter, which
would protrude too far anteriorly and would not fit comfortably under the user’s pants (Figure 4-2,
left). As such, the motor must be located inferiorly on the thigh, and a method of power
transmission is needed to transmit the power to the hip (Figure 4-2, right). Four rotational power
transfer methods were considered: gears, belts, chains, and pulleys. These methods are similar in
that they all consist of a driving wheel and a driven wheel, but the medium of rotating the driven

wheel varies.
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Figure 4-2 Left - red circle representing motor positioned at hip joint protrudes far anteriorly; Right - red
circle representing motor positioned inferiorly on the thigh (Adapted from [58])

4.4 Gear Drive System

The first power transmission mechanism considered was a gear train. Gear systems use
gear ratios to transmit rotational power and increase output torque or velocity. Gear drives consist
of a driving gear, powered with an input torque, and a driven gear that is rotated by the driving
gear. Gear systems may also contain one or more idler gears that are located between the driving
and driven gears and transmit power between the two. Generally, in gear systems, the motor is
fixed in place; however, for the PHP the top driven gear would be fixed and the motor would rotate

the bottom gear, rotating the whole system about the top gear.

A gear ratio is the ratio of the number of driven gear teeth to the number of driving gear
teeth. The driven gear torque and diameter are directly related to the gear ratio, and the angular

velocity is inversely related to the gear ratio (Eq. 4-3), given by

Gear Ratio = 2=%1-% _I Eq. 4-1
ear am_nl_wz_dl_Tl (Eq. 4-1)
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where n, is the number of driving gear teeth, n, is the number of driven gear teeth, w, is the
driving gear angular velocity, w, is the driven gear velocity, d, is the driving gear diameter, d, is

the driven gear diameter, T; is the driving gear torque, and T, is the driven gear torque.

For the PHP, the maximum input torque is 96 Nm and the required hip torque is 96 Nm.

Therefore, the minimum allowable gear ratio is minimum required output torque over maximum

input torque, or ;—2 = 2™ _ 1. 1. The actuator’s maximum angular velocity is 300°/s and the hip

L 96 Nm

angular velocity criterion is 150°/s, so the maximum allowable gear ratio is maximum input

velocity over minimum required input velocity, or % = %ﬁz = 2:1. Therefore, the PHP gear
2

ratio must be between 1:1 and 2:1.

One limitation of a gear train is that an even number of gears are needed for the system to
rotate. This is demonstrated in Figure 4-3. Starting with the input torque applied to the bottom
gear, the resulting forces between the adjacent gears can be drawn to determine the reaction
moment at the top gear, which is fixed to its shaft. In Figure 4-3 (A), the reaction moment M is
in the opposite direction of the input torque. These two moments would counteract each other
and the system would not rotate. Contrarily, in Figure 4-3 (B), the reaction moment M, is in the
same direction as the input torque. This allows the system to rotate about the top shaft. The
same result occurs for any other number of even gears (allowing movement) and odd gears (not
allowing movement). These results were confirmed with a SolidWorks simulation. When the
simulated torque was applied to an even number gear, the simulated parts rotated. When the same

torque was applied to an odd number gear, the system did not move.

Since an even number of gears is required, two-gear and four-gear systems were
considered. The top of the motor must not pass above the lamination plate’s bottom, to prevent
interference in extension, and the top gear must not reach below the lamination plate, to allow the
user to sit while wearing the prosthesis. Therefore, if using two gears, the bottom gear must be
larger than the actuator, which has an outer diameter of 77 mm. Since the minimum gear ratio is
1:1, the driven gear must be at least the same size as the driving gear. 88 mm pitch diameter gears

were used to satisfy these geometric constraints.
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Figure 4-3 Free body diagrams of an odd-numbered gear system (A) and an even-numbered gear system
(B) where Ry, R,, R3, and R, are the reaction forces at the gear shafts; F,,, F,3, and F5, are the forces
between the gear teeth of the adjacent gears; T; is the input torque applied from the motor to the driving
gear; M is the reaction moment at the fixed gear shaft for the three-gear system; and M, is the reaction
moment at the fixed gear shaft for the four-gear system. In A, M; is in the opposite direction of T;, so the
system would not rotate. In B, M, is in the same direction as T;, so the system would rotate.

An 88 mm gear would protrude too far anteriorly, similar to the direct drive system.
However, the system will not be rotating 360°, so the gear’s entire circumference would not be
used. To reduce the anterior protrusion at the hip joint, the gears can be cut, as shown in Figure

4-4, to keep only the portion of the gears that will mesh with the other gear.
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Figure 4-4 Gear train power transmission system with two partial 88 mm gears

Even with reduced size 88 mm gears, a 29 mm anterior protrusion from the top of the
lamination plate remained (Figure 4-5). This protrusion exceeded the design criterion maximum
of 20 mm anterior protrusion. Additionally, a casing would not be able to rotate around the
modified gears, as demonstrated in Figure 4-6. A casing is required over moving parts to prevent

finger traps for user safety.

Due to the anterior protrusion and the inability to create a cover for the gear system, the
two-gear system was not a viable design option. The next smallest even number after two is four.
A four-gear system would have a driving gear, two idler gears, and a driven gear. This setup
requires additional plates on either side of the gears to support the idler gears (Figure 4-7). The
gears in this power transmission system should be as small as possible to reduce the weight and
PHP size. The top (driven) gear specifically must be small enough to meet the anterior protrusion
criterion. A four-gear conceptual design was created using helical gears to provide more strength
in a smaller volume and mass than spur gears. However, helical gears are more expensive and
difficult to manufacture. The helical gear fatigue strength (Eq. 4-2) and bending stress (Eq. 4-3)

were used to determine the smallest gear sizes that could withstand the motor torque.
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Figure 4-5 A partial 88 mm gear will protrude 29 mm anteriorly from the top of the lamination plate at the
hip joint

Figure 4-6 Theoretical casing shape would hit the socket when rotating around the modified gears
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Fatigue strength [59] is given by
Sp = SpCLGsCskykikpg (Eq. 4-2)
where

S, = fatigue strength

Sy, = standard R.R. Moore endurance limit = 0.5S,, for steel, where S,, is the ultimate
tensile strength [59]

C; = load factor = 1.0 for bending loads [59]

G = gradient factor = 1.0 for m < 5.08 [59]

Cs = surface factor = 0.61 for a machined steel part with S,, = 1448 MPa [60]

k,. = reliability factor = 0.814 for 99% reliability [59]

k. = temperature factor = 1.0 for steel gears if temperature is less than 71.1°C [59]

k.. = mean stress factor = 1.0 for idler gears and 1.4 for input and output gears [59]

The bending stress equation for helical gear teeth [61] is given by

Fy
o= m_b]KvKo (O.93Km) (Eq 4-3)

where

o = helical gear teeth bending stress

F; = tangential force between gear teeth

m = module = pitch diameter in mm divided by number of teeth
b = gear face width

J = helical gear geometry factor based on helix angle and teeth in mating gear = 0.97
for helix angle 21.5, 40 teeth in mating gear [61]

K,, = velocity factor = 1 for pitch line approaching zero [59]

K, = overload factor = 1.5 for power source light shock and driven machinery moderate
shock [59]

K,, = mounting factor, reflecting the accuracy of mating gear alignment = 1.3 for
accurate mountings for face widths between 0 mm and 50.8 mm [59]
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Using Eq. 4-2, helical gears made with the high strength 17-4 PH stainless steel H900 had
a fatigue strength of 359.5 MPa for idler gears and 503.3 MPa for driving and driven gears. The
safety factor for helical gears fatigue is fatigue strength over bending stress. Using values from
standard gear sizes, the smallest possible gear for the driven and driving gears with a safety factor
greater or equal to 1.15 would have a 30mm diameter, 16mm width, and module (ratio of pitch
diameter to number of teeth) of 2, resulting in a safety factor of 1.35 For the idler gears, the
diameter must be at least 40mm to achieve an acceptable safety factor of 1.28. A conceptual design
using these gears was created in SolidWorks (Figure 4-7).

Figure 4-7 Four helical gears power transmission system conceptual design

In this SolidWorks model, the distance between the top and bottom shafts is 110mm. This
distance exceeds the 96.5 mm design restriction between the motor’s centre and the hip joint. The
gears used in this conceptual design would also have to be custom-made because off-the-shelf
gears use materials that are weaker than the 17-4PH stainless steel H900 used in the calculations.
Ready-made gears would have to be even larger, thereby further surpassing the geometric design

criteria. For these reasons, gears were not selected for the power transmission system.
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4.5 Belt Drive System

The next power transmission method investigated used two pulleys and a timing belt. Belt
systems can be open (Figure 4-8), where the belt remains straight between the two pulleys, or
crossed (Figure 4-9), where the belt crosses over itself between the two pulleys. Like the gear
system that would require an even number of gears to function, a crossed belt system would be
required to transmit rotation in the PHP. In the open belt system (Figure 4-8), the input moment
and reaction moment are in opposing directions, which prevents the system from rotating. In the
crossed belt system (Figure 4-9), the moments are in the same direction, allowing the system to
move. This applies to any pulley-type system — the tension mechanism will always have to be

crossed.

M,
Top (fixed) pulley: m

Bottom (driving) pulley:

Figure 4-8 Diagram (left) and free body diagrams (right) of an open belt system, where R, and R; are the
reaction forces between the pulleys and the shafts, Fi. is the force from the belt pulling on the pulleys, T; is
the input torque from the motor acting on the driving pulley, and M is the reaction moment at the fixed
pulley shaft. M2 is in the opposite direction of T;, so the system would not rotate.
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Top (fixed) pulley:

Bottom (driving) pulley:

Figure 4-9 Diagram (left) and free body diagrams (right) of a crossed belt system, where R1 and R; are the
reaction forces between the pulleys and the shafts, F1» is the force from the belt pulling on the pulleys, Ti is
the input torque from the motor acting on the driving pulley, and M is the reaction moment at the fixed
pulley shaft. Mzis in the same direction as T, so the system would rotate.

To keep the anterior protrusion at the hip joint within the 20 mm limit outlined in the design
criteria, the belt system’s pulleys should have a diameter less than or equal to 50 mm. The tension
force in the belt can be approximated using Eq. 4-4:

F=— (Eq. 4-4)
r

where F is the tension force in the belt, M is the maximum applied moment, and r is the pulley
radius. Using a maximum motor torque of 96 Nm and a maximum pulley diameter of 50 mm, the

belt must withstand 3840 N tension force.

Timing belts available from manufacturers did not satisfy this strength requirement within
the geometric constraints. For example, an AT5 Redflex GEN 111 polyurethane steel-reinforced
belt has a maximum allowable tensile strength of 911 N/(10 mm belt width) [62]. To achieve a
tensile strength of 3840 N, the belt would need to be 42 mm wide. The 3840 N force estimation

also did not take into account the pretension force that would be applied to the belt, so the belt
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would likely need to be even wider. The first belt size available that satisfies this width requirement
is 50 mm wide and operates with 60 mm wide pulleys. The belt system would be located on the
actuator’s lateral side; therefore, a power transmission system using the AT5 Redflex GEN Il

timing belt would surpass the maximum lateral protrusion design criterion.

The next smallest pitch in the GEN 111 series is the AT10 Redflex GEN Il1 timing belt. The
minimum number of pulley teeth for this belt is 15 [62], with a pitch diameter of 57.75 mm [62].
This is greater than the 50 mm diameter limit and will produce too much anterior protrusion. The
other belts investigated from BRECOflex and other companies, including steel and Kevlar-
reinforced belts, either required pulleys that were too large to fit at the hip joint or belt widths that
created too much lateral protrusion. Thus, timing belts were not a feasible solution for the power

transmission system.

4.6 Chain and Sprocket System

An alternative to a timing belt for the two pulleys was to use a chain as the tension
mechanism. Like the belt drive, a chain would need to be crossed to cause rotation. Since chains
are not as flexible as belts, this would be difficult to achieve. Instead, 2 chains could be used, one

pulling in each direction, so that they can be crossed over each other.

For slow speeds, such as the PHP, the chains can be selected based on chain pull, which is
equivalent to the torque divided by the pitch radius [63]. To ensure appropriate strength, the chain
pull should not exceed 1/6 of the chain’s tensile strength [63].

The first chain size considered was ASME 35-3. This chain has a 6300 Ibs tensile strength
[64], meaning that the chain pull must not exceed 1050 Ibs or 4670 N. With a maximum torque of
96 Nm, the minimum pulley pitch diameter would be 41.1 mm. The smallest sprocket that meets
this requirement has 14 teeth and an outer diameter of 47.5 mm [63], which would approach the
anterior protrusion limit at the hip joint. The ASME 35-3 chain width is 1.36 inches or 34.54 mm
[64]; so, with two chains the total width would be 69.08 mm. This width would cause the PHP

design to surpass the lateral protrusion limit.

Other chain sizes with smaller widths have lower tensile strengths, meaning that the
sprocket diameter would need to be even larger than for the ASME 35-3 chain. Since the diameter

was already close to the maximum design criterion for ASME-35, these smaller chains will result
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in too much anterior protrusion due to the larger sprockets. Therefore, it was concluded that a chain

and sprocket system was not a suitable solution for the PHP power transmission system.

The chain and sprocket system was designed with the manufacturer’s recommended design
specification that chain pull does not exceed 1/6 of the chain’s tensile strength [63]. However,
lower safety factors were used in the PHP design so future work could reinvestigate chains as a

power transmission option using a lower safety factor.

4.7 Pulley and Rope System

The final design candidate used a rope to transmit rotation between two sets of pulleys.
Like belts and chains, the ropes had to be crossed to properly transfer power to the hip joint. Unlike
timing belts and chains, ropes do not have grooves to mesh with the pulleys and instead rely on
friction to not slip. To increase system stability, the ropes in the candidate design were anchored
to the pulleys using loops on either end of the ropes, as seen in the 3D printed prototype in Figure
4-10. With this method of attachment, the rope can only provide tension in one direction; therefore,
two ropes are needed, which cross over each other. The device shown in Figure 4-10 would also
have another rope that crosses in the opposite direction to the one shown, providing tension for the

other direction of rotation.

Figure 4-10 3D printed prototype of the rope and pulley design showing how the rope is anchored to the
pulleys using loops on the ends
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Polymer fibre ropes have high strength and low weight. For example, a 4 mm diameter
Vectran rope has a breaking strength of 16,444 N. This means that the rope could withstand the
maximum 96 Nm moment with pulleys as small as 11.7 mm in diameter. This is well within the
maximum anterior protrusion design criterion. The width of the two 4 mm ropes would be 8 mm.
Even accounting for the extra width of the pulleys, this should stay within the lateral protrusion

limit. The pulley and rope design used 43 mm diameter pulleys (Figure 4-11).

Increasing the gear ratio would provide more torque at the hip, but the top pulley diameter
could not be increased without creating too much anterior protrusion at the hip joint. Similarly, the
bottom pulley diameter could not be decreased without decreasing the size of the bottom shaft,
which had to be large enough for the keyway tensioning system (section 5.7). Therefore, a 1:1 gear

ratio was used, which still fits within the design criteria.

Figure 4-11 Pulley and rope system PHP design

To test the pulley and rope concept and the anchoring system, a prototype was 3D printed
and tested with a servo motor (Figure 4-12). The bottom pulley was attached to the servo motor
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and when the servo motor rotated, the 3D-printed device successfully rotated about the hip joint,
as designed. With the successful prototype, the rope and pulley power transmission system was

selected for the final PHP design.

Figure 4-12 The 3D printed pulley design proof-of-concept prototype successfully rotated about the hip
joint when powered with a servo motor
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Chapter 5: Power Hip Prosthesis Design and Components

This chapter describes the final PHP design (Figure 5-1) and explains the function of each

component.

Figure 5-1 Final PHP design

The final PHP design uses two sets of pulleys and two ropes. The top shaft is fixed and the
pulleys on the top do not rotate. The bottom shaft and pulleys rotate with the motor, which pulls

on the ropes and drives the prosthetic leg to rotate about the top shaft.

5.1 Actuator

PHP power comes from an actuator (Figure 5-2) developed by Ossur for their Power Knee
and was modified for the PHP design. The first change made to the motor was to remove the lever
arm from the actuator’s lateral end component (Figure 5-3). Next, an additional set of threaded
holes was added to the motor housing (Figure 5-4), so that the housing can be fixed to the
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attachment ring (section 5.11). The medial end piece and the grey bearing seen in Figure 5-2 were
also both removed.

Figure 5-2 Power knee actuator used in the PHP

Figure 5-3 Actuator lateral component with the lever arm removed
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Figure 5-4 Motor housing with additional set of threaded holes

The actuator features a male pyramid adapter on the top, which was used by the power
knee to connect to the user’s thigh. In the PHP design, this pyramid adapter is used to connect the

actuator to the bearing housing that rotates about the top shaft.

5.2 Rope

A high-strength fibre was needed for the rope to withstand the large tension forces caused
by power transmission. Six materials were considered: polypropylene, high molecular weight
polyethylene (HMPE), polybenzobisoxazole (PBO), liquid crystal polymer (LCP), polyester, and
polyamide. These high-strength fibres are often used in sailing [65]. Of these six fibres, the three
strongest are HMPE, PBO, and LCP. The three weaker fibres would require a thicker rope, which
would necessitate wider pulleys and increase PHP lateral protrusion. The strongest of the six fibres
is PBO, with a breaking strength of 78.4 kN for an 8 mm diameter [65]. PBO also has the lowest
elongation at 50% breaking strength, only stretching 1.8% [65]. However, PBO has poor abrasion
and UV resistance [66]. Though UV exposure can be reduced with a cover, abrasion resistance is

important in the PHP since the ropes repeatedly rub against the pulleys.

Of the remaining fibres, LCP has the lowest stretch with a 2.2% elongation at 50% breaking
strength [65]. HMPE is slightly stronger than LCP, but LCP has better abrasion resistance,
tenacity, and lower creep than HMPE [65], [67]. LCP exhibits no creep under loads up to 50% of
its breaking strength [68]. For these reasons, Vectran LCP was selected as the PHP rope material.
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Unlike timing belts and chains that have grooves and teeth to transfer power, rope and
pulley systems usually rely on friction. To make the system more secure and prevent slippage, the
PHP ropes are anchored to the pulleys. Two ropes are used, each pulling in opposite directions.
Both ropes have a loop on each end, that slips around the pulley’s center to anchor the rope and
allow separate tensioning. The ropes loop around the pulley’s centre, exit through a hole, and wrap

around the pulley.

Figure 5-6 PHP ropes have loops that are anchored around the axle. The ropes exit through a hole in the
pulley then wrap around the pulleys.

The rope loops were created with eye splices (Figure 5-7). These splices are made by
looping the rope back on itself and intertwining the loose end into the rope [69]. Eye splices retain
the highest breaking strength of all end connections, and generally maintain 100% of the rope
strength [70]-[72]. They are also commonly used while determining rope breaking strengths, so
the spliced ropes should be as strong as the breaking strength listed on the manufacturer’s website

[70]-[72].
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Figure 5-7 Eye splice made by intertwining the loose ends of a rope back into itself (Adapted from [69])

5.3 Pulley

The PHP pulleys were designed to allow the rope to anchor inside the part, to prevent
slipping. The rope loop fits around a groove on the inside of the pulley (Figure 5-8) and a hole on

the top allows the rope to stick out and wrap around the pulley.

The pulleys have multiple keyways that allow the assembler to adjust the pulley position
relative to the shafts and create tension in the ropes. This tensioning system is discussed in greater

detail in section 5.7.

Figure 5-8 PHP pulley design
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5.4 Side Plate

Each pulley has an accompanying side plate (Figure 5-9). These side plates serve two
purposes, to enclose the pulley groove so that the rope will not be able to slip out and to support
the pulleys when they are placed under load. The rope groove in the pulley acts as a cantilever
beam because the groove is not supported on one end. To compensate for this, the side plates have
an extended portion that fits into the side of the pulley and supports the hanging end of the pulley
groove (Figure 5-10).

Figure 5-9 PHP side plate design that accompanies each pulley

Figure 5-10 Section view of the PHP pulley and side plate assembly
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5.5 Bottom Shaft

The PHP bottom shaft (Figure 5-11) rotates with the actuator to input torque to the bottom
pulleys. The actuator has an eight-bolt pattern on the lateral side (Figure 5-12) that is used to
transmit rotation to the bottom shaft. The medial end of the bottom shaft features eight indentations
that fit over the bolt heads (Figure 5-13) so that when the shaft is inserted over the bolt pattern, the

bolt heads transmit motion from the actuator to the shaft.

Figure 5-11 PHP bottom shaft design

Figure 5-12 Bolt pattern on the lateral side of the actuator
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Figure 5-13 Indentations on the bottom shaft’s medial end that fit over the actuator bolt pattern

The bottom shaft is secured in place medially/laterally with a screw that goes through the
middle of the shaft and into the centre of the actuator (Figure 5-14). The shaft also has a keyway
to prevent pulley rotation relative to the shaft and two grooves for external retaining rings that hold

the pulleys in place along the shaft.

Figure 5-14 The bottom shaft is secured to the actuator with a screw

5.6 Top shaft

The top shaft is fixed to the top hinge (section 5.8) using a coiled spring pin. The top shaft
features eight keyways (Figure 5-15) that allow the assembler to adjust the pulley position to create
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tension, as explained further in section 5.7. The shaft also features two grooves for external

retaining rings that hold the pulleys in place medially/laterally.

Figure 5-15 PHP top shaft featuring eight keyways and a hole for a coiled spring pin

5.7 Tensioning System

Instead of adding additional components to provide tension to the pulley system, a
tensioning method was devised at the shafts to reduce the number of components and system
weight. Two ropes are on separate pulleys so that the pulleys can be tensioned in opposite
directions. To assemble the PHP, the first pulley is placed on the bottom shaft with the rope already
in place and is fixed to the shaft with a key. The other pulley for that rope is then placed onto the
top shaft. The pulley is rotated as far as possible, then the key is inserted into whichever pair of

pulley keyway and shaft keyway align best.

The pulleys and top shaft have different numbers of keyways to provide a larger number
of positions. The pulleys have nine keyways, and the top shaft has eight, resulting in 72 possible
positions for the top pulley (Figure 5-16). With an available position every 5°, the maximum
possible slack that will occur in the rope is 1.88 mm. This should result in minimal backlash when
the leg changes directions, which should not be noticeable to the user. The other set of rope and
pulleys is tensioned in the same way but in the opposite direction. The pulleys have two small

holes so that an angle grinder wrench can be used to apply tension before inserting the key.
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Figure 5-16 PHP tensioning system with 8 keyways in the shaft and 9 keyways in the pulley

The same system could have been accomplished using splines in both the pulley and the
shaft, but splines are more difficult and costly to manufacture.

5.8 Lamination Plate and Top Hinge

The lamination plate (Figure 5-17) is embedded into the prosthetic socket and provides
support to anchor the hip joint. The top hinge (Figure 5-18) is screwed into the lamination plate
and hip socket and is used to hold the top shaft. One arm of the hinge has a hole for the coiled

spring pin to prevent rotation between the top shaft and the hinge.
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Figure 5-17 PHP lamination plate

Figure 5-18 PHP top hinge

5.9 Bearings and Bearing Housing

The PHP must rotate about the top hinge. Bearings were used to reduce friction. Needle
roller bearings were selected because the bearings will face high radial loads and low axial loads.
The bearings are press-fit into the bearing housing (Figure 5-19). A four-hole female pyramid
adapter is screwed onto the bottom of the bearing housing (Figure 5-20) so that it can be connected
to the actuator’s male pyramid adapter. The top shaft slides through the bearing housing and the
top hinge, with two polytetrafluoroethylene (PTFE) spacers keeping the bearing housing in place
medially/laterally. PTFE spacers were selected because they provide a low-friction surface and

prevent the metal parts from rubbing against each other.
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Figure 5-20 A four-hole female pyramid adapter is screwed into the bottom of the bearing housing and
connects to the male pyramid adapter on the actuator

5.10 Attachment Plate

The attachment plate (Figure 5-21) is used to connect the actuator to the electronics chassis
(section 5.14). The groove in the attachment plate creates clearance between the plate and the
motor components, allowing the motor to rotate and avoiding tight tolerances between the two
parts. The motor is secured to the attachment plate with the attachment ring (section 5.11) and the
medial attachment piece (section 5.12). The attachment plate is then screwed into the top of the

electronics chassis.
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Figure 5-21 PHP attachment plate

5.11 Attachment Ring

The attachment ring is used to secure the actuator to the attachment plate and prevent the
motor housing from rotating. The ring features two threaded holes on the bottom so that screws
can be inserted through the attachment plate into the ring, securing the two together. The
attachment ring also features 16 clearance holes that align with the threaded holes in the motor
housing. Screws are used to secure the attachment ring to the motor housing and prevent rotation
between the two parts (Figure 5-22).

Figure 5-22 PHP attachment ring secured to the attachment plate and screwed into the motor housing
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5.12 Medial Attachment Piece

The medial attachment piece fits into the PHP medial end and is screwed into the attachment
plate (Figure 5-23). An O-ring was placed around the medial attachment piece where it interfaces
with the motor (Figure 5-24), to avoid tight tolerances on the medial attachment piece and to help
absorb shocks. The medial attachment piece helps to secure the motor to the attachment plate but

does not prevent rotation.

Figure 5-23 PHP medial attachment piece inserted into the actuator’s medial end and screwed into the
attachment plate

Figure 5-24 Medial attachment piece with O-ring around extrusion that interfaces with the motor
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5.13 Casing

A plastic casing covers the pulleys to prevent finger traps (Figure 5-25). The casing back
piece slides onto the shafts first before the pulleys. Once the pulleys have been secured onto the
shafts, the top casing piece slides over using grooves that connect the casing pieces (Figure 5-26).

Finally, the bottom casing piece slides into place, completely enclosing the pulleys (Figure 5-27).

Figure 5-25 PHP casing covering the pulleys

Figure 5-26 PHP casing top piece sliding onto the casing back piece
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Figure 5-27 Bottom casing piece sliding into place to enclose the pulleys

5.14 Electronics Chassis

The electronics chassis (Figure 5-28), designed by colleagues, houses the PHP battery and
other electronic components. It also features strain gauges used for the PHP control system. The
attachment plate screws into the top of the electronics chassis. The chassis is connected to the knee

with a height-adjustable pylon.

Figure 5-28 Electronics chassis with the attachment plate connected on top
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Chapter 6: Failure Analysis

This chapter describes the stress analysis conducted prior to PHP machining. Calculations
and FEA were used to verify that the PHP can sustain static and cyclical loads per 1SO 15032:2000

and transmit the 96 Nm maximum torque from the motor without failure.

Except for the off-the-shelf parts like screws and retaining rings, all metal PHP components
were made with aluminum 2024-T4 or 17-4 PH stainless steel. Aluminum was used as much as
possible because it is lighter than stainless steel, but steel was needed for parts requiring more
strength. Mechanical properties are summarized in Table 6-1 and were used in the calculations in

this chapter.

Table 6-1 Mechanical properties of metals used for the PHP components

: Ultimate Tensile Yield Strength : 3
Material Strength (MPa) (MPa) Density (kg/m?)
17-4 PH Stainless
Steel H900 [73] 1448 1379 7800
AlumlnlE;n412024-T4 469 324 2780

6.1 Rope Analysis

The tension force exerted on the rope can be calculated with Eq. 4-4. For a 96 Nm
maximum moment and a 21.5 mm pulley radius, the rope must sustain a 4465 N force. The 12-
strand Vectran 3 mm rope break load is 993 kg or 9741 N [75]. Therefore, the rope safety factor

is 2.2 and the rope will not break.

Vectran experiences no creep under loads below 50% of its breaking load [68]. Half the
breaking load is 4871 N, which is greater than the 4465 N tension force. Therefore, the rope will
not experience creep, which means that slack will not be introduced into the system over time and

the pulleys will not require continual adjustment.

6.2 Knee Analysis

The knee is not part of the PHP design, so no stress analysis was performed on the knee.

However, the ISO test loads are applied at the knee joint, so a knee free body diagram (FBD)
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(Figure 6-1) was used to determine the resultant forces that would be transmitted from the knee to
the rest of the PHP. 1ISO 15032:2000 specifies four test loading conditions for the PHP: a medial-
lateral (M-L) static load test, an M-L cyclical load test, an anterior-posterior (A-P) static load test,
and an A-P cyclical load test. Figure 6-1 features the frontal plane knee FBD used for the M-L test
cases, where y is the anterior direction, and x is the medial direction. The applied test force, Fqg;,

was varied according to the test condition being analyzed.

/ Foom

84.37°

Ftest

Figure 6-1 Knee frontal plane FBD, where Fs is the test force specified by the 1SO standard, Fxwmx is the
force between the knee and the motor in the x direction, Fkwmy is the force between the knee and the motor
in the y direction, and Mkwm; is the moment between the knee and the motor about the z-axis. Known forces
are depicted in black and unknown forces are depicted in red.

The resultant forces Fkmx and Fkwvy and the resultant moment Mkwm; were calculated using
the sum of forces in the x direction (Eg. 6-1), sum of forces in the y direction (Eq. 6-2), and sum

of moments about the z-axis (Eq. 6-3):

Z E.=0 (Eq. 6-1)
Z E, = Fxpy — Frest * c05(84.37) =0
Z Fy =0 (Eq. 6-2)
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z Fy = Fyos; * Sin(84.37) — Fypyy = 0
Z M, =0 (Eq. 6-3)

Z M, = Mgy, — Frose * 0.047 = 0

Using Newton’s third law, the reaction forces were then applied to the motor FBD. Eq. 6-1,

Eq. 6-2, and Eq. 6-3 were used to solve the unknown forces in each of the parts’ FBDs.

6.3 Bottom Shaft Analysis

The bottom shaft is made of 17-4 PH Stainless Steel H900. The shafts must sustain both the
maximum static force and the cyclical forces from the ISO standard, as well as the actuator torque.
Stress along the shaft is a combination of bending and torsional stresses. Since the axial loads are
small compared to the bending and torsion loads, axial loads were omitted from the stress analysis
[76]. An FBD (Figure 6-2) was used to determine the bottom shaft forces in the frontal plane.

L.

I Frasy Fasmy

MBSMZ

Figure 6-2 Bottom shaft frontal plane FBD, where Fegsy is the force between the pulley and the bottom shaft
in the y direction, Feswy is the force between the bottom shaft and the motor in the y direction, and Mgswm,
is the moment between the bottom shaft and the motor about the z-axis. Known forces are depicted in black
and unknown forces are depicted in red.

The force from the rope was added to the bottom shaft FBD in the lateral pulley location,
and Eq. 6-1 to Eq. 6-3 were used to calculate the reaction forces at the interface with the motor.

The forces in the y direction were then used to create a shear force diagram (Figure 6-3) and a
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bending moment diagram (Figure 6-4) for the M-L static load case. A torque diagram is also

presented in Figure 6-5.
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Figure 6-3 Bottom shaft M-L static load shear force diagram
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Figure 6-4 Bottom shaft M-L static load bending moment diagram
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Figure 6-5 Bottom shaft torque diagram

Based on the three load diagrams, the shaft’s right end (where it connects to the motor) has
the largest stresses and was therefore the location of interest for the stress analysis. The bending

stress was calculated with Eq. 6-4 [76]:

5= # (Eq. 6-4)

where ¢ is the bending stress, M is the bending moment, c is the radial distance from the shaft’s
centre, and I is the moment of inertia. For a hollow circular shaft such as those used in the PHP,

the moment of inertia is calculated with Eq. 6-5:
T 4 4
I=— (D =D} (Eg. 6-5)
where I is the moment of inertia, D, is the shaft outer diameter, and D; is the shaft inner diameter.

Using Eq. 6-4 and Eq. 6-5, the maximum bending stress at the shaft bottom end was 128.9

MPa. Next, the torsional stress was calculated using Eq. 6-6 [76]:

Ie (Eq. 6-6)
T=— . 6-
; q

where 7 is the torsional stress, T is the torque, and J is the polar moment of inertia, calculated with
Eq. 6-7:

] =55 (D% =D} (Eg.6-7)
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Using Eq. 6-7 and Eq. 6-6, the maximum torsional stress on the bottom shaft with the 96 Nm
maximum torque was 65.2 MPa. The bending stress and torsional stress were combined into the

von Mises stress using Eq. 6-8 [76]:

1
o' = (6% +312)2 (Eq. 6-8)
where ¢’ is the von Mises stress. The von Mises stress was 171.3 MPa, which resulted in a safety

factor of 8.0 using Eq. 6-9:

Y (Eq. 6-9)

where S, is the yield strength. With a safety factor of 8.0, the shaft is unlikely to yield due to the

static loading conditions.

The bottom shaft must also resist fatigue failure. The process for cyclical stress analysis
was similar to the static analysis, but the alternating and midrange stresses had to be calculated.
The alternating bending stress was calculated using eq. 6-10 and the midrange bending stress was
calculated using Eq. 6-11 [76]:

M

Oa = K —2= (Eq. 6-10)
M

o = K ;"C (Eq. 6-11)

where g, is the alternating bending stress, K is the fatigue stress-concentration factor for bending,

M, is the alternating bending moment, a,, is the midrange bending stress, and M,, is the midrange

bending moment.

Since the loads acting on the bottom shaft are not affected by the I1SO test loads applied to
the PHP, the alternating and midrange stresses were determined by the tension force pulling on the
shaft’s pulley end. The maximum bending moment is 94.88 Nm (Figure 6-4) and the minimum
bending moment is 0 Nm when the rope is not pulling on the shaft. Therefore, the midrange
bending moment was 47.44 Nm and the alternating bending moment was 47.44 Nm. The shoulder
fillet at the end of the bottom shaft adds a stress concentration to the shaft. Based on the shoulder
dimensions, K is 2.1 [78]. Therefore, o, = 135.3 MPa and o,,, = 135.3 MPa.
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The alternating torsional stress was calculated using Eq. 6-12 and the midrange torsional

stress was calculated using Eq. 6-13 [76]:

T,c

Tqg = KfST (Eq 6'12)
Tnc
T = KfST (Eq 6-13)

where, 7, is the alternating torsional stress, K, is the fatigue stress-concentration factor for torsion,

T, is the alternating torque, t,, is the midrange torsional stress, and T, is the midrange torque.

The maximum torque is 96 Nm and the minimum torque is -96 Nm because the motor will
apply 96 Nm to the PHP in both directions. Therefore, the alternating torque is 96 Nm and the
midrange torque is 0 Nm. Based on the shoulder dimensions, K¢ is 1.75 [78]. Therefore, 7, =

114.1 MPa and 7,, = 0 MPa.

The bending and torsional stresses were combined to find the alternating von Mises stress
(EQ. 6-14) and the midrange von Mises stress (Eq. 6-15) [76] :

1
o, = (o2 +372)2 (Eqg. 6-14)

1
o = (05 + 315)2 (Eq. 6-15)
where o', is the alternating von Mises stress and ¢',,, is the midrange von Mises stress. The fatigue

safety factor was calculated using the modified Goodman line, Eq. 6-16 [76]:

1 o, o

—=—=+4— Eq. 6-16

n S, +Sut (Eq )
where n is the safety factor, S, is the endurance limit as described in Eq. 6-17, and S; is the

ultimate tensile strength.

Se = kakbkckdkekfsé (Eq 6'17)

where

k, = surface condition modification factor = 0.8511 for a ground shaft [79]
kj,, = size modification factor = 0.90 for a 20 mm shaft [79]
k. = load modification factor = 1 for combined bending and torsional loads [79]

k4 = temperature modification factor = 1 for room temperature [79]
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k. = reliability factor = 0.753 for 99.9% reliability [79]

ky = miscellaneous-effects modification factor = 1 with no other known endurance limit
reductions [79]

S, = test specimen endurance limit = 700 MPa for steels with S,; > 1400 MPa [79]

Using Eq. 6-17 and Eq. 6-16, the shaft’s endurance limit is 403 MPa and the fatigue failure
safety factor is 1.5. Therefore, the bottom shaft should be able to sustain both static and cyclical
loads without failure. Since the forces in the bottom shaft result from the ropes pulling on the shaft
during power transmission, not from the applied test loads, the bottom shaft safety factors were
the same for the M-L loading condition and the A-P loading condition. The bottom shaft safety
factors are summarized in Table 6-2.

Table 6-2 Bottom shaft minimum safety factors for the four loading conditions

Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 8.0 1.5

A-P Loading Condition 8.0 1.5

6.4 Motor Analysis

The motor FBD (Figure 6-6) was used to continue transferring the loads to the rest of the
PHP components. The reaction forces between the motor and the knee found with the knee FBD
were applied to the motor’s distal end. Likewise, the reaction forces between the bottom shaft and
the motor were also included. Using these known forces and Eq. 6-1 — Eq. 6-3, the resultant loads

between the motor and the bearing housing were calculated for each loading condition.

No stress analysis was performed on the motor itself because the motor has already been
tested and used successfully in a powered knee prosthesis. The forces found with the FBD were
applied to the bearing housing FBD and were therefore needed for proximal component stress

analyses.
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Figure 6-6 Motor frontal plane FBD, where Fkwmy is the force between the knee and the motor in the y
direction, Fkwmx is the force between the knee and the motor in the X direction, Mkwm: is the moment between
the knee and the motor about the z-axis, Feswmy is the force between the bottom shaft and the motor in the y
direction, Mgswm; is the moment between the bottom shaft and the motor about the z-axis, Fmenx is the force
between the motor and the bearing housing in the x-direction, Fueny is the force between the motor and the
bearing housing in the y direction, and Mwmgn; is the moment between the motor and the bearing housing
about the z-axis. Known forces are depicted in black and unknown forces are depicted in red.

6.5 Bearing Housing Analysis

The bearing housing is made of Aluminum 2024-T4. The bearing housing FBD (Figure 6-7)
was used to determine the reaction forces between the bearing housing and the top shaft. Using
Eq. 6-1-Eq. 6-3, FerTsiy was 7141 N, Ferrszy Was 667.6 N, and Fenrsax was 329.6 N for the M-L
static load case. The M-L static loading condition resulted in the highest force values for the four

loading conditions.

The needle roller bearings used in the PHP have a dynamic load rating of 9100 N and a static
load rating of 13,400 N. Therefore, for the 7141 N maximum radial load, the bearings have a safety
factor of 1.3 for dynamic loading and 1.9 for static loading. Thus, the bearings should not fail with
PHP use.

A stress analysis was performed at the filleted corner of the lateral side housing, which was
the bearing housing critical location. Using stress calculations, the maximum bending stress for

the M-L static load was 64.7 MPa, resulting in a safety factor of 5.0. For the fatigue calculations,
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a 1.6 stress concentration factor was used based on the filleted corner geometry [78]. The M-L
cyclical safety factor was 1.7. The calculations were repeated with the A-P loading conditions
resulting in a 10.5 A-P static safety factor and a 2.6 A-P cyclical safety factor. The bearing housing

safety factors are summarized in Table 6-3.
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Figure 6-7 Bearing housing frontal plane FBD, where Fugny is the force between the motor and the bearing
housing in the y direction, Fughx is the force between the motor and the bearing housing in the x direction,
Mwer, is the moment between the motor and the bearing housing about the z-axis, Fenrsiy is the force
between the top shaft and the lateral side of the bearing housing in the y direction, Fenrszy is the force
between the top shaft and the medial side of the bearing housing in the y direction, and Fgnrsax is the force
between the top shaft and the medial side of the bearing housing in the x direction. Known forces are
depicted in black and unknown forces are depicted in red.

Table 6-3 Bearing housing minimum safety factors for the four loading conditions
Static Load Safety Factor | Cyclical Load Safety Factor

M-L Loading Condition 5.0 1.7
A-P Loading Condition 10.5 2.6

63



6.6 Top Shaft Analysis

The top shaft is made of 17-4 PH Stainless Steel H900. The top shaft frontal plane FBD is
pictured in Figure 6-8. The forces from the pulley and the bearing housing were added to the shaft

and used to calculate the forces between the top shaft and the hinge.
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Figure 6-8 Top shaft frontal plane FBD, where Fprsy is the force between the pulley and the top shaft in the
y direction, Feursiy is the force between the top shaft and the lateral side of the bearing holder in the y
direction, Frsnay is the force between the top shaft and the lateral side of the top hinge in the y direction,
Frshax is the force between the top shaft and the lateral side of the top hinge in the x direction, Feursay is the
force between the top shaft and the medial side of the bearing holder in the y direction, Ferrszx is the force
between the top shaft and the medial side of the bearing holder in the x direction, and Frsoy is the force
between the top shaft and the medial side of the top hinge in the y direction. Known forces are depicted in
black and unknown forces are depicted in red.

Using forces in the FBD, shear force and bending moment diagrams were created to
determine the internal forces along the shaft length. The M-L static loading condition shear force
diagram is presented in Figure 6-9 and the bending moment diagram is presented in Figure 6-10.
The torque diagram is pictured in Figure 6-11 and was based on the 96 Nm maximum torque for

the M-L static loading condition.
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Figure 6-9 Top shaft static M-L loading condition shear force diagram
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Figure 6-10 Top shaft static M-L loading condition bending moment diagram
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Figure 6-11 Top shaft torque diagram

The maximum stresses calculated occur where the top shaft interfaces with the lateral side
of the bearing housing, as can be observed on the bending moment and torque diagrams. The static
failure analysis was performed at this critical location. Using the same calculations outlined in
Chapter 5.5, the static M-L safety factor was 9.4.

The process of creating the shear and bending moment diagrams was repeated with the M-
L minimum cyclical load and the M-L maximum cyclical load. Based on the cyclical diagrams,
the point where the top shaft interfaces with the hinge lateral side was the critical location for
fatigue failure. The stress concentration at this point in the shaft was due to the hole for the pin.
Based on the hole size relative to the shaft diameter, a bending stress fatigue concentration factor
of 1.95 and a torsion stress fatigue concentration factor of 2.95 were used in the fatigue calculations
[78]. The minimum safety factor for cyclical loading was 1.3. Therefore, the top shaft should

sustain both static and cyclical loading.

The stress analysis was repeated for the A-P static and cyclical loading conditions, resulting
in a safety factor of 8.5 for A-P static loading and 1.13 for A-P cyclic loading. The top shaft safety

factors are summarized in Table 6-4.
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Table 6-4 Top shaft minimum safety factors for the four loading conditions
Static Load Safety Factor | Cyclical Load Safety Factor

M-L Loading Condition 94 1.3

A-P Loading Condition 8.5 1.13

6.7 Top Hinge Analysis

The top hinge is made of Aluminum 2024-T4. The top hinge frontal plane FBD (Figure 6-12)
features the known reaction forces from the top shaft and was used to determine the reaction forces

between the top hinge and the lamination plate.
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Figure 6-12 Top hinge frontal plane FBD, where Frshix is the force between the top shaft and the lateral
side of the top hinge in the x direction, Frsniy is the force between the top shaft and the lateral side of the
top hinge in the y direction, Frsngy is the force between the top shaft and the medial side of the top hinge in
the y direction, FuLeix is the force between the top hinge and the distal and of the lamination plate in the x
direction, Fuip1y is the force between the top hinge and the distal and of the lamination plate in the y
direction, Fuieax is the force between the top hinge and the proximal and of the lamination plate in the x
direction, FnLpay is the force between the top hinge and the proximal and of the lamination plate in the y
direction. Known forces are depicted in black and unknown forces are depicted in red.
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Based on the top hinge loads, the top hinge medial side encountered a 66.36 Nm bending
moment acting as a cantilever beam for the M-L static loading condition. This equated to a 34 MPa

bending stress and a 9.4 safety factor.

The maximum M-L cyclical loading bending stress was on the top hinge lateral side. The
minimum safety factor in fatigue was 1.4. In A-P loading, the static safety factor was 3.9 and the
cyclic safety factor was 1.4. The top hinge safety factors are summarized in Table 6-5.

Table 6-5 Top hinge minimum safety factors for the four loading conditions

Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 94 1.4

A-P Loading Condition 3.9 1.4

6.8 Pulley Analysis

The pulleys are made of 17-4 PH Stainless Steel H900. Without the side plate supporting the
edge of the pulley, the pulley rope groove (Figure 6-13) would act like a cantilever beam. In Figure
6-14, the rectangular section outlined in Figure 6-13 is modelled as a cantilever beam. The FBD
in Figure 6-14 depicts the 4465 N force from the rope dispersed across the surface of the pulley
rope groove.

Figure 6-13 PHP pulley cross-section. The blue rectangle outlines the portion of the pulley that is modelled
as a cantilever beam.
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Figure 6-14 FBD of the pulley rope groove modelled as a cantilever beam, where F is the force from the
rope acting on the pulley, V is the shear force at the edge of the rope groove, and M is the bending moment
at the edge of the rope groove. Known forces are depicted in black and unknown forces are depicted in red.

Shear force (Figure 6-15) and bending moment (Figure 6-16) diagrams were created for

the pulley based on the cantilever beam FBD. The maximum bending moment in the pulley rope

groove was 12.28 Nm.
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Figure 6-15 Pulley rope groove shear force diagram
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Figure 6-16 Pulley rope groove bending moment diagram

Using the maximum bending moment, the maximum bending stress in the pulley would be
1151 MPa, resulting in a static failure safety factor of 1.2. For cyclical loading, the maximum
bending moment would be 12.28 Nm and the minimum bending moment would be 0 Nm when
the rope is not exerting a force on the pulley. Therefore, the alternating bending stress would be
576 MPa and the midrange stress would be 576 MPa. Using the modified Goodman line, the
fatigue failure safety factor was 0.64, indicating fatigue failure would occur in the pulley without
the side plate supporting the other end of the rope groove.

With the addition of the side plate, the bending stress in the pulley was halved and the safety
factors were therefore doubled. So, the pulley static failure safety factor became 2.4 and the fatigue
safety factor became 1.3, and failure was no longer predicted.

Since the test load applied to the PHP does not affect the loads on the pulley, the safety
factors for the A-P loading conditions are the same as for the M-L loading conditions. The pulley
safety factors are summarized in Table 6-6.

Table 6-6 Pulley minimum safety factors for the four loading conditions

Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 24 1.3

A-P Loading Condition 24 1.3
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6.9 Attachment Ring Analysis

The attachment ring is made of aluminum 2024-T4 and prevents the motor’s lateral side
from rotating, withstanding the 96 Nm maximum torque. An attachment ring stress analysis at the
critical locations, including the screw holes and the edges, determined a 6.2 minimum safety factor.

The strength of the screws holding the attachment ring to the attachment plate was also
analyzed to ensure that the screws would not fail when the maximum torque is applied. The screws
holding the attachment ring to the attachment plate are class 12.9, M5, coarse thread screws (14.2
mm? stress area, A,, and 970 MPa proof load, S, [80]). The screws are located 30 mm from the
attachment ring’s center. Therefore, when the attachment ring faces a 96 Nm torque, the screws
are subjected to a 3200 N tension force (Eq. 4-4). Assuming that one screw will take all the load

in resisting the torque, the screw faces a 225.3 MPa stress (Eg. 6-18 [80]).

F

g = A_t (Eq 6-18)

To determine the screw safety factor, n, the calculated stress was compared to the proof
load using Eqg. 6-19.

o

The screw safety factor was 4.3, indicating that the screws should be able to withstand the

tension forces from the maximum torque.

6.10 Key Analysis

The steel keys are used to transmit the torque between the shafts and the pulleys and thus
must sustain the stresses generated from the torque. Two possible modes of failure for the keys are

shear stress and crushing. Shear stress can be calculated with Eg. 6-20 [76]:

_ F
ot
where t is the shear stress, F is the force at the shaft surface, t is the key width and [ is the key

T (Eg. 6-20)

length. The force can be calculated with Eq. 4-4. For a 96 Nm maximum torque and 10 mm shaft
radius, the force at the shaft surface would be 9600 N. The key width is 3 mm and the length is 10
mm. Using Eq. 6-20, the shear stress on the key was 320 MPa.
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The distortion-energy theory (Eq. 6-21) describes shear strength, S, in terms of yield
strength, S,

Ssy = 0.577S, (Eq. 6-21)
17-4 PH stainless steel has a yield strength of 1379 MPa and therefore a shear strength of
795.683 MPa. The safety factor, n, for shear failure was calculated with Eq. 6-22 and found to be

2.5. Therefore, the keys should not fail from shear stress.

n=2% (Eq. 6-22)

The safety factor for crushing failure is calculated with Eq. 6-23 [76]:

_ Sytl
~ 2F
The safety factor for crushing is 2.2. Therefore, the keys should be able to resist both shear and

n (Eq. 6-23)

crushing failure.
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Chapter 7: Prototype

After the stress analysis, the model was prepared for manufacturing. Tolerances were
added to each part to ensure that the parts could be assembled without interference and to limit the
amount of movement between components. Sliding fits were used for the components that need to
slide onto the shafts, namely the pulleys, bearings, and top hinge. Smaller tolerances were used for

parts that needed to align more precisely, such as the bottom shaft over the bolt heads on the motor.

Tolerance chains were avoided wherever possible, to reduce the stacking of tolerances and
consequent fit issues. The pulley and rope system was beneficial in reducing the number of
tolerance chains because the ropes can be tightened after assembly and therefore the proximal-
distal dimensions did not need to be as precise. There were, however, tolerance chains in the
medial-lateral direction on the shafts and the attachment plate. For these locations where the
tolerances were stacked, the dimensions were specified to provide additional space between the
components. The additional space ensures that all the components fit into the assembly and shims

can be used to fill the gaps if there is too much extra room.

Mechanical drawings were made for each PHP component, specifying the material,
dimensions, and tolerances of each part (Appendix A). Once all drawings were completed, they
were sent to machine shops to have the parts made. The PHP was assembled, and the finished

prototype is pictured in .

While assembling the PHP, several small issues with the part tolerances created
interference between PHP components. To resolve these issues, some material was cut away from
the medial attachment piece and the bearing housing. With these additional post-manufacturing
changes, all parts fit together well. Dimensions in the drawings were adjusted accordingly for any

future PHP iterations.
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Figure 7-1 PHP prototype with pulley cover (a), PHP prototype side view without cover front (b), PHP
prototype front view without cover front (c)
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Chapter 8: Mechanical Evaluation

Once the prototype was built and assembled, PHP strength was tested using the testing
procedures outlined in 1SO 15032:2000 Prostheses — Structural testing of hip joints [43]. Two
testing conditions were examined — anterior-posterior (A-P) extension and medial-lateral (M-L).
The A-P flexion loading condition was not performed since this test is only used for hip joints with

a stride limiter.

Only static tests were performed for PHP structural testing since the main objective was to
ensure that the PHP is strong enough to sustain weight-bearing and thus be safe for continued
functional testing with people. Functional testing in this thesis will not provide enough cycles to
reach fatigue failure. In the future, cyclical testing should be performed to ensure that the PHP is

safe for long-term use.

Figure 8-1 PHP bolted to metal block for structural testing (left) and metal pole connected to the PHP
bottom for structural testing (right)

The PHP was tested in a servohydraulic testing system. The PHP top hinge was bolted to
a metal block (Figure 8-1) that slides onto a pole in the testing machine. A female pyramid adapter
was attached to the bottom of the electronics chassis to interface with another pole (Figure 8-1), to
secure the PHP bottom in the testing machine. The moment arm lengths in the servohydraulic

testing system were based on the loading conditions in the ISO standard.
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8.1 Medial-Lateral Test

8.1.1 M-L Testing Setup

The M-L test setup was based on the ISO 15032:2000 M-L loading condition. The 1SO
document depicts a vertical hip device with the force applied at an angle; however, the testing
machine can only apply force in the vertical direction, so the PHP was set at the appropriate angle.
The testing equipment arm lengths were calculated from the moment arms outlined in ISO
15032:2000 and the overall PHP length. The M-L test setup is shown in Figure 8-2.

37mm

Figure 8-2 Medial-lateral mechanical testing setup and dimensions

As seen in Figure 8-2, the arm at the bottom of the testing setup should be 37 mm.
However, the testing equipment used had a minimum length of 50 mm for that arm. So, a length
of 50 mm was used instead. This increased the moment arm, thereby increasing bending stresses
on the device and making the test more conservative. Following ISO 15032:2000, the M-L test
was performed with the PHP in the fully extended position (Figure 8-3).
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Figure 8-3 PHP in the testing machine for the M-L mechanical testing

8.1.2 M-L Testing Results

The force on the PHP was first set to the 1024 N settling force for 30 s, then returned to
zero. Next, the force was increased by 200 N/s to the 3360 N ductile failure ultimate test force and
then back to zero. The ductile failure test force was used because all PHP structural components
are made of either aluminum or steel, which are both ductile materials. The force and displacement

data recorded by the testing machine are presented in Figure 8-4.
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Figure 8-4 M-L structural test force and displacement versus time

Even with the longer moment arm on the bottom, the PHP successfully sustained the
ultimate test force without failure. As seen in Figure 8-4, when the force goes to zero after the
ultimate test force, displacement returns to the same value as during the settling force. No
observable damage or deformation was found on the PHP components after the M-L test.

8.2 Anterior-Posterior Test

8.2.1 A-P Testing Setup

The A-P testing setup was based on the ISO 15032:2000 A-P extension test (Figure 8-5).

Figure 8-6 shows the device in the testing equipment for the A-P test.
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Figure 8-6 PHP in the testing machine for the A-P mechanical testing
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8.2.2 A-P Testing Results

The same M-L test procedure was performed for the A-P test. The force and displacement

data recorded by the testing machine for the A-P test are presented in Figure 8-7.
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Figure 8-7 A-P structural test force and displacement versus time graph

Again, the PHP successfully sustained the ultimate test force without failure. Therefore,

the PHP passed the structural tests and was considered safe for continued functional testing.
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Chapter 9: Functional Evaluation

Once the PHP had been deemed structurally sound, functional testing was performed to
determine if the prosthesis could successfully help a person ambulate. The device was first tested
by powering the motor without any user. This was done to ensure that the system operated as
expected and to resolve any issues with the controls and the pulley system. Next, able-bodied

volunteers walked with the PHP using a HKAF prosthesis simulator.

9.1 |Initial Testing

Initial functional testing was conducted to ensure that the PHP moved properly when the
motor was powered. With the PHP fully assembled, a simple control pattern was applied to the
motor to have the hip joint flex and extend in a repeating motion. The PHP rotated as expected,;
however, slack quickly developed in the system. It was observed that the ropes were lengthening
with use. This issue arose not due to the Vectran fibres themselves stretching, but due to braiding.
The individual strands of the rope were stretching relative to each other. After a few tests, the ropes
had elongated too much to be useable with the PHP because they became too long to wrap around

the pulleys without overlapping themselves.

Steel cables were used as a temporary solution. The cables were crimped to a fixed length,
inserted into the pulley, and then wrapped around the pulley (Figure 9-1). After the first test, it was
noted that the steel cables experienced the same type of stretching as the Vectran ropes with its
similar braided design. However, unlike the Vectran ropes, after the first couple of tests and
elongation, the steel cables stopped stretching and remained a consistent length. Therefore, no
more slack developed in the system with continued use, and they could be used for the next step
of functional testing. Though the steel cables were a successful solution for the hip simulator
testing, they would not be ideal for a final product. Firstly, the cable’s rated capacity was 1779 N
[81], which is under the 4465 N tensile strength design criterion. Therefore, there is a risk of failure
when the PHP faces increased loads. Next, the crimps stick out of the pulleys which is not visually
appealing and prevented the cover from fitting over the pulleys. A future project will investigate
other termination options for the Vectran rope.
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Figure 9-1 Crimped steel cables replacing the Vectran ropes

9.2 Hip Disarticulation Simulator Testing

After testing PHP motion and fixing the slack issue by using steel cables, the PHP was tested
with non-amputee participants on a hip disarticulation simulator. Gait footage was analyzed using
video annotation software to determine hip range of motion and gait parameters. Participant
subjective feedback was also recorded comparing the PHP to previous Helix3D walking tests. The
simulator testing protocol was approved by the University of Ottawa Office of Research Ethics

and Integrity (Appendix B).

9.2.1 Testing Setup

The PHP was tested using a prosthesis simulator (Figure 9-2) [82] that allows non-
amputees to walk with a HKAF prosthesis. An ethylene vinyl acetate foam sole was inserted into
the left shoe, increasing the user’s left leg height [82]. The hip-knee-ankle prosthesis was
connected laterally to the participant’s right side using a hip abduction orthosis. The extra length
on the left side created a clearance of 4 cm between the user’s right foot and the floor [82].
Therefore, weight-bearing occurs only on the participant’s left natural leg and on the prosthetic leg
on the right.
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Figure 9-2 Hip disarticulation simulator setup with Helix 3D hip joint, showing 4 cm ground clearance on
the prosthetic-side healthy limb [82]

Figure 9-3 Hip disarticulation simulator with PHP, Ossur Rheo 3 knee joint, and Ossur Pro-Flex XC foot
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The PHP was joined to an Ossur Rheo 3 knee joint and an Ossur Pro-Flex XC foot to create
a full HKAF prosthesis (Figure 9-3). Prosthetic leg length was adjusted for each participant to
ensure equal leg lengths between the prosthetic and intact sides. Participants had the option of
using one or two walking canes to assist with balance, based on the participant’s comfort level

with the hip disarticulation simulator.

A testing walkway was created in the Movement Performance Laboratory at the University

of Ottawa. Tape markings were placed on the laboratory floor to identify a 10 m walkway.

9.2.2 Methodology

PHP functionality was evaluated for level gait. The three participants walked 10 m one
way then turned around and walked 10 m back. A second volunteer walked beside the participant
with a camera to record the trials. The video footage was later analyzed to evaluate gait parameters
such as range of motion and step time. All three participants had previously used the simulator to
walk with the Helix3D hip joint [82]. Subjective feedback comparing the PHP with the Helix3D
was also obtained. The participants were given one training session to get accustomed to walking

with the PHP on the simulator and one testing session where the data was recorded.

9.2.2.1 Participants

Three male volunteers between the ages of 25 and 44 participated in the functional testing
with the simulator (Table 9-1). Only healthy participants with two intact legs were considered for
this study. Participant heights ranged from 175 cm to 180 cm and weights ranged from 95 kg to

98 kg. Participant A used one walking cane during testing and participants B and C used two.

Table 9-1 Functional testing participant demographics

Participant A Participant B Participant C
Sex Male Male Male
Age (years) 44 28 25
Height (cm) 178 180 175
Weight (kg) 95 95 98
Number of Walking 1 ) 5
Canes Used
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9.2.2.2 Control System

At the time of testing, the PHP control system was still under development. Therefore, a
repeated gait cycle was used (Figure 9-4). The hip angle began at 40° flexion at heel strike, then
extended to a 20° maximum extension. The hip then flexed to 44° maximum flexion and slowly
returned to 40° flexion. A 2.5 s stride time was used to ensure all participants would be able to

keep up with the walking pace.
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Figure 9-4 Functional testing controls hip angle profile
9.2.3 Results and Discussion
The functional testing video footage was analyzed using the Kinovea video annotation tool
[83]. Five consecutive strides were examined for each participant to determine average ranges of

motion and step times. The five strides were selected where there were no large stumbles, and the
participant did not put their prosthetic-side natural foot down.

The hip angle was measured between the line along the torso and the line from the hip joint

to the knee joint (Figure 9-5). This angle was tracked throughout the five strides (Figure 9-6).
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Figure 9-5 Participant C 42.2° maximum hip flexion (left) and participant C 19.8° maximum hip
extension (right)
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Figure 9-6 PHP hip flexion angle vs time across 5 strides for participant A (blue), participant B (red), and
participant C (green)

Participant A’s gait cycle appears shifted to the left compared to participant B and C. This
is because participant A placed his prosthetic foot down (initial contact) at an earlier point in the

86



predetermined gait profile than the other two participants. This was a result of personal preference

in walking with the simulator.

The maximum angles for each participant are identified in Table 9-2. The average range
of motion was 55.7°. This was 8.3° less than the programmed 64° range of motion. One factor
that may contribute to the discrepancy is that the camera was not always perfectly square to the
PHP. Therefore, when the video was analyzed in 2D, the angle relative to the camera would
affect the measured hip angle. Furthermore, markers were not used to measure the angles. The
software had a difficult time tracking the angles and the end points had to be manually adjusted
frame by frame. Markers would have helped maintain consistent reference points and produced
more accurate angle measurements. The gait control system could have undershot the target

angle.

Table 9-2 Functional testing range of motion

Participant | Maximum Flexion (°) | Maximum Extension (°) | Range of Motion (°)
A 26.9 21.4 48.3
B 44.7 12.0 56.7
C 42.2 19.8 62.1
Average 37979 17.7+4.1 55.7+5.7

Kinovea was also used to identify initial contact and toe-off moments for both feet. These
initial contact and toe-off moments were used to calculate the average step times across the 5
strides (Table 9-3). The prosthetic step time (from initial contact to toe off) was on average 0.63
times the intact step time, meaning that the gait was asymmetrical and the participants were
spending more time on their healthy side than on the prosthetic side. This asymmetry was likely
due to the participants feeling less stable on the prosthetic side, thus swinging their intact leg
quickly to return the more stable leg to the ground. The intact leg swing time was on average
0.29 s, while the prosthetic leg swing time was on average 1.08 s, confirming that the participants

were swinging the intact leg faster than the prosthetic leg was programmed to swing.
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Table 9-3 Functional testing gait parameters with percentages of average stride time

Participant A | Participant B | Participant C Average
Stride Time (s) 2.35+0.06 2.38 £ 0.09 2.45 £ 0.08 2.39 £ 0.05
Prosthetic 1.50 £ 0.09 1.19+£0.05 1.24 £0.07 1.31+£0.17
Step (64 %) (50%) (51%) (55%)
Time (s) Intact 2.04 £0.05 2.09 £ 0.02 2.09 £ 0.09 2.07 £0.03
(87%) (88%) (85%) (87%)
_ Prosthetic 0.85+0.06 1.18+0.13 1.22 +0.07 1.08 +0.20
Swing (36%) (50%) (50%) (45%)
Time () Intact 0.27 £0.02 0.27 £0.03 0.34 £ 0.05 0.29 £ 0.04
(11 %) (11%) (14%) (12%)
Double Support 0.61+0.09 0.46 £ 0.07 0.45+0.11 0.51+0.09
Time (5) (26%) (19%) (18%) (21%)
Cadence (steps/min) 51.15 50.51 48.94 50.20 £ 1.14
Step Time Ratio 0.74 0.57 0.59 0.63 £0.09

All three participants stated that the PHP was easier to walk with than the non-powered
Helix3D. They specifically noted that they no longer felt like they had to swing the prosthesis
around to move it forward, therefore reducing necessary pelvic rotation. Other feedback included
that the extra weight of the PHP was not noticeable and that the participants did not feel like they
were carrying a heavy object when they had to support the prosthetic swing phase. This subjective
feedback supports continued development of the PHP and suggests potential for the PHP to be a
successful solution in improving ambulation for hip disarticulation and hemipelvectomy amputees.
More detailed biomechanical testing can confirm any differences in pelvic motion between
Helix3D gait and PHP gait. Gait analysis and subjective feedback from amputees using the PHP

are needed to fully observe the benefits of adding power to the hip joint.
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Chapter 10: Conclusions and Future Work

In this thesis, a novel microprocessor-controlled PHP was designed and evaluated for both
strength and function. The pulley and rope power transmission system proved successful in
transmitting the rotational power from the actuator to the hip joint. The final design met all the
design criteria, including mechanical strength tests. The PHP was also tested with able-bodied
participants using a hip disarticulation simulator, where ambulation was successful. Though the
current design achieved positive results and shows promise as a hip amputee ambulation aid, future

work is still needed to improve and evaluate the design.

10.1 Design Criteria

The final PHP met all the design criteria outlined in Chapter 3:. The final device weighed
3.9 kg, as measured with a scale. This put the PHP under the 4.0 kg weight limit. The functional
testing participants noted that this 3.9 kg weight did not feel heavy while walking, or noticeably

impede their motion.

The PHP needed to support users up to 100 kg. The PHP successfully supported a 98 kg
user during functional testing, which is close to the required 100 kg. The PHP also successfully
passed ISO mechanical testing designed for users up to 100 kg. The strength requirements outlined
in ISO 15032:2000 were to withstand a 2240 N load for 30 s without failure or deformation greater
than 15 mm, withstand a 3360 N load without ductile failure, and withstand 2x10° cycles between
50 N and 1330 N without failure. The PHP faced a 3360 N load without failure or deformation
greater than 15 mm. Cyclical testing was not conducted on the PHP; however, calculations and
FEA simulations indicate that the device should be able to withstand fatigue from the cycles
outlined in the 1SO standard.

In functional testing, the PHP reached 21.4° extension and 44.7° flexion. Therefore, the
PHP obtained the 20° hip extension requirement. The maximum flexion value was due to the gait
pattern controls, not a physical limit of the device itself. When placed in maximum flexion, the
PHP hip angle measured with a protractor was 145°, successfully surpassing the 130° hip flexion

requirement.

The final PHP power transmission gear ratio was 1:1. Therefore, the device should have

the same maximum torque and angular velocity as the actuator. The maximum actuator torque is
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96 Nm and the maximum angular velocity is 300°/s, reaching the outlined 96 Nm and 150°/s
outlined criteria. The actual hip moment was not measured; however, moments were enough to
successfully propel all three functional testing participants forward, allowing level ground

walking.

Geometric constraints were established to ensure the PHP could fit comfortably under a
user’s pants. The first geometric restriction was that the PHP could not protrude more than 20 mm
from the top of the lamination plate. The final device protruded 11 mm anteriorly, passing the
criterion. The PHP could also not protrude more than 7.99 cm laterally or 4.99 cm medially from
the centre of the lamination plate. 7.2 cm lateral protrusion and 4.7 cm medial protrusion were
measured on the final device. The device length was also controlled to ensure a large population
could use the device. The final PHP length between the motor centre and the hip joint was 86.75
mm, which was under the 96.5 mm maximum value. Therefore, the PHP met all the geometric

constraints.

Finally, the PHP could not have any uncovered finger traps. A cover was designed to go
over the pulley system, where the main finger traps occurred. However, the cover no longer fit
over the pulleys when the steel cables were used for functional testing. A cover that encompasses
the entire device would also be more successful because there is still potential for a finger to be
caught between the bearing housing and the lamination plate with the current design. Therefore,

this requirement was only partially met and could be improved upon.

The design criteria results are summarized in Table 10-1.
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Table 10-1 Outlined design criteria with the actual values from the final PHP design

Criteria

Outlined Limit

Actual Value

Device weight

Maximum 4.0 kg

Measured 3.9 kg

failure or deformation > 15 mm
Withstand 3360 N load without ductile
failure

Withstand 2x10° cycles between 50 N
and 1330 N without failure

User weight Maximum 100 kg Tested with 98 kg user
Passed strength tests for 100 kg
user

Strength Withstand 2240 N load for 30 s without | Passed static loading tests

FEA simulations indicated that
device should pass cyclical
loading test

Range of motion

Minimum 20° hip extension

22° hip extension (measured with
protractor)

Minimum 130° hip flexion

145° hip flexion (measured with
protractor)

Hip moment

Minimum 96 Nm

1:1 gear ratio should provide 96
Nm hip moment, not measured

Angular velocity

Minimum 150 °/s

1:1 gear ratio should provide
300°/s angular velocity, not
measured

Anterior Maximum 20 mm from top of | 11 mm (measured with ruler)
protrusion lamination plate
Lateral Maximum 7.99 cm from centre of | 7.2 cm (measured with ruler)
protrusion lamination plate
Medial Maximum 4.99 cm from centre of | 4.7 cm (measured with ruler)
protrusion lamination plate

Device length

Maximum 96.5 mm between the motor
centre and the hip joint

86.75 mm (measured with ruler)

User safety

No uncovered finger traps

Cover prevents most finger traps
Cover does not fit over steel
cables

10.2 Future Work

The novel PHP design met the outlined design criteria and proved successful in allowing

able-bodied individuals to walk with a hip disarticulation simulator. However, future work is

needed to improve upon the existing design and to further evaluate the device before it can be

taken to the market.
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10.2.1 Part Optimization

The final PHP met the strength requirements while respecting the geometric and weight
restrictions. Further part optimization could reduce the weight and size of the device further. A
more lightweight prosthesis requires less energy for the user to walk, and a more compact design
would improve user comfort. The current PHP design uses relatively simple geometry; however,
tools such as SolidWorks’ topology optimization can be used to reduce unnecessary material and
optimize the part shapes to provide the required strength with the least weight. The parts can also
be redesigned to improve aesthetics.

10.2.2 Control System Implementation

A simple control system with a repeated gait cycle was used for the functional testing. The
final device will use sensors with a complex control system to identify user gait initiation and
adjust gait parameters based on pelvic motion. The control system is currently under development
and will allow users to control PHP gait when it is implemented into the system, instead of
following a predetermined cycle.

10.2.3 Cable Solution

As noted in Chapter 9:, the initial spliced Vectran ropes used with the pulleys stretched
when the motor was operated, developing slack into the system. Steel cables were used for the
functional testing; however, these cables do not have an adequate tensile strength and must be
crimped in a way that protrudes from the pulleys, prevents the cover from being placed over the
pulleys, and is not aesthetically pleasing. A separate project has been introduced to investigate the
best solution for the rope to be used with the pulleys. The new solution must not stretch under
tension and must fit neatly with the pulleys. The pulleys may also have to be redesigned to suit the

new cable solution.

10.2.4 Cyclical Testing

The mechanical testing done in this thesis featured only static tests. FEA simulations
indicated that the PHP should be able to withstand the cyclical testing outlined in ISO 15032:2000;
however, to ensure that the PHP will last long term and not fail under fatigue, the cyclical tests

should be performed on the device.
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10.2.5 Amputee Testing

The PHP showed promise in the HKAF prosthesis simulator functional testing with able-
bodied individuals. However, the goal is for the device to be used by actual amputees. Therefore,
to ensure that the device is suitable for hip disarticulation and hemipelvectomy amputees, the next
prototype will need to be tested by volunteers with these amputations. This should occur after the

other issues have been resolved.
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Figure A-03 Power hip assembly drawing ¢
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Figure A-04 Bearing assembly drawing
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- 3 2 1

NOTES:

1. REFER TO 3D CAD MODEL 'PO7_BEARING HOUING.STP"
2 MATERIAL: ALUMINUM 2024-T4

3.  FILLETS R1.0 UNLESS OTHERWISE NOTED

4. BREAK ALL SHARP EDGES
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TES:

MATERIAL: 17-4 PH STAINLESS STEEL H?00

B0OTH RETAINING RING GROOVES HAVE SAME DIAMETER AND WIDTH

BREAK ALL SHARP EDGES

NO

1. REFER TO 3D CAD MODEL 'P08_BOTTOM SHAFT.STP'
2.

3.

4.
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Figure A-06 Bottom shaft drawing
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NOTES:
1. REFERTO 3D CAD MOCDEL PO?_CASING BACK.STP”
2. MATERIAL: NYLON

=) A
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B
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SHEET 1 OF 1

Figure A-07 Casing back drawing
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4 3 2 1

NOTES:
1.  REFER TO 3D CAD MODEL 'POY_CASING BACK.STP
2. MATERIAL: NYLON

= | (E) DETAIL » <3¢ =
SCALE 5:1 =
ISOMETRIC VIEW, REF. ONLY
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s SCALE 2.1 SHEET 1 OF 1

SOLIDWORKS Edétational Product. For Instructional Use Only. 3 2 1

Figure A-08 Casing bottom drawing
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NOTES:

4

1. REFER TO 3D CAD MODEL 'P11_CASING FRONT.STF
2. MATERIAL: NYLON

113

SOLIDWORKS Edtational Product. For Instructional Use Only.
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Figure A-09 Casing front drawing
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NOTES:

1. REFERTO 3D CAD MODEL P12_TOP HINGE.STP"

I, MATERIAL: ALUMINUM 2024-T4

3. ALLALLETS R1.0 mm UNLESS OTHERWISE SPECIFIED
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oecx: B 12 A
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Figure A-10 Top hinge drawing
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NOTES:

1. REFERTO 3D CAD MODEL P14_MEDIAL ATTACHMENT.STP
2. MATERIAL: ALUMINUM 2024-T4

3.  FILLETS RO.5 UNLESS NOTED OTHERWISE

4. BREAK ALL SHARP EDGES

52.0
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Figure A-11 Medial attachment drawing
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NOTES:

1.  REFER TO 3D CAD MODEL P16_PULLEY SIDE PLATE.STP
2. MATERIAL: 17-4 PH STAINLESS STEEL H900

3. BREAK ALL SHARP EDGES

SOLIDWORKS mn?:gu_ Product. For Instructional Use Only.
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Figure A-12 Pulley side plate drawing
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4

NOTES:

1. REFERTO 3D CAD MODEL ‘P17_PULLEY STP'
2. MATERIAL: 17-4 PH STAINLESS STEEL HP00

3. ALLFILLETS R1.0 UNLESS OTHERWISE NOTED
4. BREAK ALL SHARP EDGES
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Figure A-13 Pulley drawing
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NOTES:
/I\ TO BE CONTROLLED

FOR DIMENSIONS NOT SHOWN REFER TO 3D CAD MODEL 'P18_attachment ring.STF"

M.
3. MATERIAL: ALUMINUM 2024-T4

4. ALL FLLETS R1.0MM (EXCEPT WHERE NOTED)
5. BREAK SHARP EDGES
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Figure A-14 Attachment ring drawing
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4 3

NOTES:

1. REFER TO 3D CAD MODEL 'P20_ATTACHMENT PLATESTP
2 MATERIAL: ALUMINUM 2024-T4

a. ALL FILLETS R2.0 UNLESS OTHERWISE SPECIFIED

£ BREAK ALL SHARP EDGES
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Figure A-15 Attachment plate drawing
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NOTES:

2
3.
4

REFER TO 3D CAD MODEL P21_TOP SHAFTSTF”

MATERIAL: 17-4 PH STAINLESS STEEL H?00
BOTH RETAINING RING GROOVES HAVE THE SAME DIAMETER

BREAK ALL SHARP EDGES

®8.0 THRU
Ll @13.0¥26

SOLIDWORKS nn?o:u_ Product. For Instructional Use Only. w
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Figure A-16 Top shaft drawing
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NOTES:

1. REFERTO 3D CAD MODEL 'P22_3X3 KEY.STP'
2. MATERIAL: 17-4 PH STAINLESS STEEL H900

3. BREAK ALL SHARP EDGES

10.0

SOLIDWORKS mﬂ?:i—u. Product. For Instructional Use Only.

0.000

3.0 -0.025

F UPDATED MATERIAL TO H900 2022.01-18
[ DESCRIPTION | DRAFT | DAE |
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Figure A-17 Key drawing
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- 3 2 1

NOTES:
1. REFERTO 3D CAD MODEL '1004447_MODIFIED.STP*
2. TAKEEXISTING PART NO. 1004447 AND ADD THREADED HOLES

16 HOLES
@ 2.5THRU
M3x0.5 - 6H THRU _

ISOMETRIC VIEW, REF. ONLY

REV | DESCRIPION [ oearr | pam
) REVISIONS ,
TOLERANCES: (EXCEPT AS NOTED) au
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o _ B D23
SO SCALE: 32 SHEET 1 OF 1

SOLIDWORKS mﬁ%ﬁaoau_ Product, For Instructional Use Only. w M | ._

Figure A-18 Modified motor casing drawing
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NOTES:
1. REFER TO 3D CAD MODEL P23_PTFE 5SPACER TOP SHAFT.STF
2. MATERIAL: PTFE
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SOLIDWORKS Edétational Product. For Instructional Use Only.
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Figure A-19 Top shaft PTFE spacer drawing
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4 3 2 1

NOTES:
1. REFER TO 3D CAD MODEL '1004452_MODIFIED.STP
2. TAKE EXISTING PART NO. 1004452 AND REMOVE THE ARM AT BOTTOM

]
\ ISOMETRIC VIEW, REF. ONLY

REV DESCRIFTION DRAFT DATE
REVISIONS

TOLERANCES: (EXCEPT AZ NOTED)

ST 1004452_modified

Xx: £01 UNITS:  mm
XXN: 2 005
DESIGN: EELLY BRANNEN 2211017 SIZE | DWG. NO. REV
CHECK:
B D24
ARPRCNAL: SCALE: 111 SHEET 1 OF 1

SOLIDWORKS Edéational Product. For Instructional Use Only. 3 2 1

Figure A-20 Modified motor end plate drawing
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