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Abstract

The University of Michigan’s Open-Source Leg (OSL) is a low-cost prosthetic limb with two
actuators (commercial drone motors) simulating knee and ankle joints. With the OSL, research-
ers can have a universal build platform from which to test and develop from. In testing with
transfemoral amputee socket users, the OSL has shown promise in producing biomechanics
that reflect intact limb user gait over level ground and up and down slopes. However, the exist-
ing joint actuators had a nonideal torque response when users attempted stair ascent and de-
scent. As a solution to this problem, the first part of this thesis upgraded the actuators with a
higher torque motor. This required reintegration of the sensor system to work independently

from the actuator system.

One patient cohort who may most benefit from the OSL is transfemoral amputees with skel-
etally anchored amputation prostheses. In contrast to conventional socket users where the soft
tissue of the residual limb is loaded, the bone is directly loaded in users with skeletal anchors.
This has many advantages but requires a surgery, careful rehabilitation, and a managed loading
protocol. To protect the bone throughout this loading regime it is important to understand the
forces and moments arising from the OSL and body loads of daily living. The second part of this
thesis measured the forces and moments in the exoprosthetic part of the percutaneous implant
and used this to assess the safety of the upgraded OSL and make recommendations as to motor
torque settings for use of this device in daily life. The results showed kinetic gait contours sim-

ilar to existing prosthetics but produced larger moments.

KEYWORDS: Gait Analysis, Osseointegration, Lower Limb Prosthesis, Transfemoral Prosthesis,

Prosthesis Control, Gait Load Analysis
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Introduction

A Global Problem

The loss of a lower limb is a life redefining experience, which can result in sudden and dra-
matic changes that impact the simplest of daily life tasks. Tasks such as standing, and walking
are no longer practical without assistance. In Sweden, there were 33 - 39 lower limb amputa-
tions per every 100,000 inhabitants from 1998-2016 resulting from diabetes, dysvascular dis-
eases and trauma [1]. Lower limb prostheses can support amputations at the transfemoral
(47%) or transtibial level (26%). There are many commercially available prosthetic options for

both and many more in development.

Despite increasing availability and sophistication of prostheses, many users still do not reg-
ularly wear their prosthesis. More than 10% of transfemoral amputees use their prosthesis for
less than 6 hours a day [2] as a result of discomfort or lack of perceived prosthetic benefit [3].
Discomfort arises from prosthetic socket compression on the user’s residual limb which can
lead to recurrent skin infections, soft tissue scarring and several more issues leading to poor
socket retention. An alternative is directly mounting the prosthesis to the bone of the residual

limb through osseointegration (bone ingrowth).
The Diversity of Lower Limb Prosthetics

Prosthetic lower limb features can be divided into two different elements of the prosthesis:

the propulsion systems and the support systems (Figure 1).
Propulsion

The most basic propulsion system, a passive prosthesis, provides the user a device to sup-

port themselves on. These prostheses allow the users freedom from being wheelchair bound

Prosthesis

Propulsion

Passive Passive

Adaptive

Figure 1. Prosthetic lower limb subdivisions



Figure 2. Examples of passive prosthesis. "Antigue Prosthetic Legs" by Curious Expeditions is licensed under CC
BY-NC-SA 2.0

and provide an adequate device to stand on. In motion, however, users are obligated to use the
remainder of their body to compensate for their missing limb due to the loss of plantarflexion
and therefore their primary means of propulsion [4]. More generally, amputees experience
asymmetric muscle compensations, increased metabolic cost of walking, reduced preferred

speed of gait and large loadings in their sound limb as a result of prosthetic motion deficits [4].

More modern passive prostheses use elastic materials for energy storage and release (ESR)

throughout the gait (Figure 3Error! Reference source not found.) [5]. Some prostheses

Figure 3. Examples of ESR prostheses [5]. On the right is a conventional prosthesis that uses material and shape
energy storage and release. On the left is a prosthesis using a novel linkage system for more efficient storage and
release Licensed under CC BY 4.0


https://www.flickr.com/photos/7955505@N05/3239854538
https://www.flickr.com/photos/7955505@N05
https://creativecommons.org/licenses/by-nc-sa/2.0/?ref=ccsearch&atype=rich
https://creativecommons.org/licenses/by-nc-sa/2.0/?ref=ccsearch&atype=rich
https://creativecommons.org/licenses/by/4.0/

integrate motorized clutches or pneumatic cylinders to maximize ESR; these are “semi-active”

prostheses.

A third class of prostheses that injects energy into the gait are called “active” prostheses.
They are usually driven by electromechanical motors, but novel systems using pneumatic and
hydraulics are also being developed [6], [7]. Active prosthetics are intended to generate a ‘joint’
torque that mimics a biological joint. For active knees, this is most distinct in ramp and stair
ascents where net positive work is required [8]. For active ankles, providing push off power
(plantar flexion) reduces the overall metabolic cost in walking as a result of the reduction in

compensatory movements [9], [10].

Support
Support systems can be divided into three categories: passive, adaptive, active [4]. Passive
support systems can be from being rigid or have mechanical or fluidic damping systems to illicit

a specific response. Adaptive systems control the prosthesis by using a computer and sensors

Figure 4. An adaptive and active prosthetic knee [11]. The Ossur Rheo Knee Il (on the left) provides adaptive
magnetorheological damping to control system response. The Ossur Power Knee offers active motion to control
system response.

10



to control resistance to motion [11]. Lastly, active support systems use a motor to regulate mo-

tion and position for example the Ossur Rheo Il and the Ossur Power Knee (Figure 4).

State-of-The-Art
A “state-of-the-art” prosthesis in this study is define as having all the following:
1. An active propulsion system

2. An active support system
3. Both a knee and the ankle having requirements 1 and 2.

There exists two commercially available active prosthetics, one being an active knee (the
Ossur Power Knee [11], [12]) and the other being an active ankle (the Ottobock Empower Ankle
[13], [14]). Within developmental research there are a number of projects that offer both an

active knee and an active ankle [15]-[20], for example the Open-Source Leg (OSL).
The Open-Source Leg: An Active Knee-ankle Prosthesis

The OSL offers a universal build platform for all researchers [21]. Through this model, re-

searchers can directly compare biomechanical data collected in a controlled way (no other

Knee joint

Belt drive
Il Linkage
Motor
Battery
Load cell

Figure 5. OSL internal layout. Licensed under CC BY 4.0 [20]
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variables changed). The cost of ordering and constructing the prosthesis amounts to between

10% - 33% of the equivalent commercial prosthesis.
The OSL in this Study

The data collected in this study used the Shirley Ryan AbilityLab OSL control scheme. The
hardware was changed from Dephy motors to Tmotor motors to actuate the knee and ankle
joints. This was because the original motors did not offer satisfactory torque for stair climbing.

The Dephy motor had a built in IMU, however the Tmotor did not include and IMU, and so these

(a)

I’c Strain gau I‘c Six-axis
Dephy actuator (k gauge
phy actuator (knee) amplifier load sensor
36 V LiFo battery V i
(950 mAh) I—} Motor encoder
- MU 2 )
- Temperatura sensor = Jaint
pe encoder
r 3
m
w
o
w
Single-board
computer
A
8
¥
Dephy actuator (ankle)

36V LiPo battery v Fc Joint
(950 mAh) I_’ : l’m‘” encodar encoder

- Temperature sensor

Llize [ Power ( 3 )
[ ] GAN [] Other
3.7 Battery
Knee Ankle Joint
Motor Encoder
{Intemal Encader} Raspberry Pi
Knee Joint
A Encoder
24V LiPo
Battery PiCAN
Ankle IMU
Ankle
Motor
Strain Gauge
p—— Load Cell —} Amp Knee IMU

Figure 6. (a) The old OSL schematic. Licensed under CC BY 4.0 [20] (b) and the new schematic.
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Table I. Torque values ratios against human requirements. Note that the ankle gearbox varies depending its position.
The continuous and instantaneous values were calculated off the continuous and peak motor currents for the Dephy
motor and rated and peak torque for the Tmotor motor. A transmission efficiency of 73% was used in these
calculations. Average human values used a maximum torque for a 75 kg, 1.7 m individual in level ground or stair
ascent/descent [20].

Continuous Instantaneous
oto 0 Low High Low High
Dephy Ankle 0.41 0.72 1.23 2.16
Knee 0.56 - 7.15 -
Tmotor Ankle 3.07 5.40 6.13 10.80
Knee 3.58 - 7.15 -

were mounted externally. The Dephy motor also used [2C communication along with all other
sensors and the communication was managed all within the motor controller which would in
turn communicate with the microcontroller. The Tmotor motor, however, could not manage
the sensors internally. Therefore, all sensors were managed directly by the microcontroller (as
seen in Figure 6). In addition, the Tmotor motors used CAN BUS communication, but all other
devices remained in I2C communication. Therefore, two communications would simultane-

ously be used in the single system.
Torque Requirements

The impetus for the motor replacement was the non-ideal torque output of the Dephy mo-
tor. While it was able to meet the requirements of ambulation, it was reaching these values
above its continuous torque range. Table I, shows the Dephy motor close to its instantaneous
limit in the ankle at its lower transmission ratio values. In bench testing the temperature of the
motor was noted as high while running below the continuous peak. Looking at the torque re-
quirements in ambulation, we see that the Dephy motor would be operating well above the
continuous torque rating [20]. The temperature output would therefore be expected to be even
higher in prolonged ambulation [22]. Given the values in Table I are assuming a 75 kg, 1.7 m
individual, these limits would also have a greater impact on the prosthesis’ capabilities when a

larger individual uses it.

The Tmotor AK80-9 (depicted in Figure 7) was chosen as the optimal combination be-
tween torque output, volume, and weight. Motors in the AK series consist of a brushless DC
motor, with an internal encoder and driver. This encoder was used in this implementation only
to check the position of the motor. They offer position-only, speed-only, torque-only, and com-

bination control. Control of the system is realized through five input variables: position,
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Figure 7. The Tmoto?AK80—9. On the left tﬁe unit as sold (with bolt inserted). On the right a unit with an additional
coupling piece for attachment to the OSL gearbox input shaft.

velocity, feedforward torque, stiffness, and damping. The internal driver used the control loop
depicted in Figure 8 to reach the desired states. The position and velocity are measured using

the internal encoder.

For the initial control implementation, the impedance-based control used by Simon et al.
[23] in the initial OSL clinical studies was chosen. Here minimum viable implementation re-
quired that only position, stiffness, and damping be controlled. Therefore, a position- and ve-
locity-control was used on the Tmotor motor. The input variables were initially set according
to biological lower limb data but can be tuned to get an idealized gait response as defined by

the subject (or prosthetist).

T
Pdesired T lqref
aslre Kp +I ref h ‘1”‘(_[_ qre
Ph’leasured
Vdesired idref
esirea Kd 0 (=]
VMeasured

Figure 8. Motor control schematic
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Figure 9. 3D printed motor cradles. (a) The ankle cradle (disassembled) (b) The knee cradle

To mount the new motors with minimal changes to the OSL body, a cradle for the motor
was 3D printed in PLA (see Figure 9 for components and Figure 20 for full assembly). Addition-
ally, to connect the motor drive shaft to the gearbox input shaft, a coupling was manufactured
for the ankle and knee shafts. Because of the expected high torsion from rotation, this was

milled out of aluminum (see right image of Figure 7).

The Tmotor motors have a position limit on all input variables. Only the position limitation
conflicted with our range of moment requirements of the prosthesis. This prevented the motor
from rotating outside of -12.5 and 12.5 radians from a set origin (as defined from the initial
point the motor was turned on at). To move the actuated joints of the OSL through a full ana-
tomical range this range must be increased. As this has yet to be implemented the ankle and
knee joints were limited to 25° in this study. This is compared to the original design’s 120° for

the knee and 30° for the ankle.

State Machine

The OSL output divided the gait cycle into a multi-state format that controlled the response
of the system based on the external data collected from the sensors. Figure 10 illustrates how
the leg behavior responds to a pre-defined state until some threshold is met. The states are
designed such that they divide the gait cycle into subdivisions. These subdivisions change the
output variables according to prescribed functions and setpoints. In its final form, this system,
called a “state machine”, took a much more complex threshold system that used a larger pool
of variables. The control system in this study used:

e Longitudinal force and mediolateral moment from the load cell

¢ Knee position and velocity from the knee encoder

e Ankle position from the ankle encoder
e Thigh angle from the IMU on the knee
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Figure 10 Simplified state machine. Licensed under CC BY 4.0 [23]

The sequence for the final state machine (similar to as shown in Figure 12) can be broken
down into three functions. The nodes (blue boxes) define the behavior of the prosthesis until
an event (orange boxes) is triggered which changes the node. These events are triggered when
one or more of the sensors achieves some pre-defined value. The prosthesis’ behavior to tran-

sition from one node to another (black arrows) is based on which event happens.

Foot Plate

The tested OSL model’s foot section did not use the Ossur LP Vari-Flex. It Instead, used a
custom designed foot plate made of a similar carbon fiber (as seen in Figure 11). This foot plate
was a flat plate and had very little elasticity. This change was made to simplify the response of

the leg by removing an additional elastic variable for consideration.

@CBPR.se

Figure 11. Carbon fiber flat foot
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Figure 12. An example of a state machine with nodes (in blue) with multiple event sequences (in orange) that
transition (black arrows) to different nodes.

Encoder

As with the previous design, the system used external absolute encoders (AS5048)
mounted on the knee and ankle gearbox output axes (as seen in Figure 13). Unlike the internal
encoder, this encoder would give the position of the driven sections (i.e. the position of the

ankle and knee gearbox output shaft).

)
Figure 13. The encoder (with cover) as mounted on the knee gearbox output
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Figure 14. IMU mounted on thigh segment of OSL

IMU

The ICM-20602, a six-axis (three-axis gyroscope, three-axis accelerometer) was chosen to
replace the MPU-9250 nine-axis (three-axis gyroscope, three-axis accelerometer, three -axis
magnetometer) used in the previous design because the magnetometer functionality was dis-
torted by other electronics housed near it [24]. The MPU series has also been discontinued since
the initial build of the OSL and therefore the ICM series was chosen. This device was previously
integrated into the Dephy motor but was mounted separately for the Tmotor motor. In this
iteration of the OSL the IMU was mounted to the thigh segment of the OSL and was used to
derive the thigh angle (mounting shown in Figure 14). To compensate for drift a complemen-
tary filter was implemented using the thigh gyroscope and acceleration data to measure the

change in thigh angle.
Osseointegration

Osseointegration allows direct skeletal attachment and bypasses the issues of soft tissue
pressure and associated complications [25]. Research indicates that osseointegrated users who

use their prosthesis more than 12 hours a day more than doubled from the same socket user
group [2].

There are many types of osseointegrated implants, this study uses the Osseointegrated
Prosthesis for the Rehabilitation of Amputees (OPRA) [26] (depicted in Figure 15). The bone-

prosthesis interface consists of an implant (also called the fixture) which is completely embed-

ded into the bone [2]. The distal end of this implant allows the mounting of a titanium rod, called
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Figure 15. Osseointegrated interface, image courtesy of Integrum AB

the “abutment”, that extends through the skin. The abutment is press fit into the implant via the

abutment screw.

Implanting a long bone with a metal implant can be considered a composite beam problem
analytically. Therefore, in the sharing of forces the stiffer material will carry more of the load
thereby unloading or ‘stress shielding’ the less stiff bone. Over time the adaptive nature of the
biological tissue will mean that it resorbs and reduces in density [27]. The result could put the

bone at risk in the event of high forces and therefore, a method of protecting the bone has been

incorporated into the OPRA system: the abutment. The abutment is designed such that it

1

Figure 16. (a) The OPRA Axor Il safety release system. (b) The OPRA Axor Il as assembled between the prosthesis
and the abutment. Images courtesy of Integrum AB
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fractures before the fixture [27]. Additionally, a safety device separates the abutment and the
prosthesis (as shown in Figure 16) to prevent direct damage to the abutment. Called the OPRA
Axor 1], the safety device is designed to detach when factory preset thresholds are exceeded in

torsion or moment around the mediolateral axis.
Gait Cycle and Loading

Force Loads

The gait cycle can be broken down into stance and swing phases of leg motion (as shown
in Figure 17) [28]. The stance phase acts like an inverted pendulum where the body rotates
around the point at which the step began (the initial contact point). While this is happening, the
opposing leg is swinging forward and above the ground to eventually contact the ground at a
point ahead of the supporting (stance phase) leg. These roles alternate back and forth between

each leg to form ambulation.

Gait analysis is comprised of kinematics and kinetics. Kinematics measure the motion of
the concerned part(s) of the body (segments) usually via an optical camera system and biore-
flective segment markers. Kinetics looks at the forces and moments of the segments of the body.
Kinetic measurements can be obtained using embedded ground force plates or an instrumented
treadmill [29] or a load cell built into the moving leg. In a gait lab the ground reaction forces
(GRFs) measured by the force plates can be used to indirectly approximate the forces and mo-
ments at the segment joint of interest via inverse kinematics. In this study the site of interest is
the abutment, and an exact measurement of force and moment could be obtained using a load

cell at the site of interest instead.

« Stance Phase > Swing Phase -

Heel strike Mid-stance Terminal stance | Pre-swing Toe-off Mid-swing Terminal swing
Double Double .
sngl - - Si
sopon > - Single support > ol > Single support >

Figure 17. Phases of gait cycle. Licensed under CC BY 4.0 [28]
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At the time of this writing there is no available literature on the force and moment loads
experienced by the abutment of OPRA implants in users of ankle-knee active prostheses. This
study sets out to answer this important research question. The approach will be to investigate
non-amputated gait kinetics and transfemoral amputee gait kinetics from individuals using an
OPRA fixture and a passive or semi active prostheses. Thereafter kinetics produced an effort to
simulate gait using a quasi-static OSL gait cycle controlled by the onboard state machine in

‘walk’ mode can be compared.

Non-amputated Gait Kinetics

The closest approximation of the moment experience at the load cell of the prosthesis in
this study for a non-amputee is the moment experienced by their knee. The GRFs are consid-
ered an acceptable analog to the load cell forces. As shown in Figure 18, in ambulation the ver-
tical GRF is above zero (if positive is compression) during the stance phase [30]. From the initial
contact of the heel until toe off there is an increase in GRF as weight is shifted onto one leg
(initial loading phase). In the following period until heel rise, the GRF reduces due to the decel-
eration of the subject in the vertical direction. Once the heel begins rising, vertical GRF in-
creases as a result of forward motion into the contralateral leg’s initial contact and the push off
provided by the plantar flexors. After this point the GRF reduces until zero as the weight is

completely unloaded off the leg.

GRF MEDIAL-LATERAL s GRF ANTERIOR-POSTERIOR » GRF VERTICAL
= E 2 — 12
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Figure 18. GRFs and the knee moments experience by non-amputee during level ground gaitThe black and thin
line based off inverse kinematics. The shaded region is based off force plate data. Licensed under CC BY 4.0 [30].
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In the anteroposterior (AP) plane, the anterior shear applied by the subject at heel strike
causes an equal and opposite posterior GRF until midstance. Thereafter the shear becomes pos-

teriorly applied by the subject and so an anterior GRF is observed.

The mediolateral forces are relatively smaller in magnitude with greater inter-subject var-
iability [29]. The GRFs seen in this direction (mediolateral (ML) shear) are due to the changing
center of mass of the body medially and therefore producing a lateral force causing an equal

and opposite medial GRF.
Abutment Loads

The loads in osseointegrated abutments during ambulation as measured by a load cell have
already been collected in existing literature for passive and semi-active prostheses. From Fig-
ure 19, we see that the shape of the force and moment graphs measured at the abutment are

similar in shape to the average ground reaction forces in non-amputated subjects [31].
Aim

To determine the force and moment loads generated by the OSL on the OPRA abutment to
ensure the moment around the ML axis falls beneath the threshold preset on the failsafe device
(70Nm). To achieve this the OSL will be mounted to a single non-amputated subject via a pros-

thetic bypass socket. This study will only measure level ground ambulation. A successful design

will ensure a ML moment <70 Nm.

Methods

The prosthesis was evaluated using the lower limb bypass socket that mounted to the
user’s leg. The 6-DOF College Park iPecs load cell was mounted between the distal end of the
prosthesis and the proximal end of the bypass. The load cell center was located d=133 mm dis-
tal to the distal end of the fixture-abutment interface [3]. The load cell recorded the data at a

frequency of 240 Hz.

The lower limb bypass was constructed from the iWalk leg crutch; the pedestal section was

removed and replaced with standard prosthetic mountings (Figure 20a).

To compensate for the extra length added to the build by the load cell on one leg, the con-

tralateral leg was raised with a shoe on a platform (depicted in Figure 20b).

The axes were set up such that positive directions were upward longitudinal, anterior, and

lateral (as shown in Figure 20c). The moments about these followed the right hand rule.
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(b)

Figure 20. (a) iWalk with prosthesis mounted. (b) Shoe on platform. (c) Load cell coordinate system.

Tests used pre-recorded data to achieve the motor output, but the timing was adjusted as

necessary for the users preferred speed and step length.

The user ambulated along a level parallel bar platform (as shown in Figure 21). The user

was instructed to minimize the weight placed on the parallel bar.

Once the user was able to stand with the prosthesis, the ambulation program was started,
and the user walked until consistent gait was achieved and was maintained for 2-3 minutes.
Consistent gait was defined as having a defined heel strike and toe off and no dragging or stum-

bling.

24



Figure 21. Subject ambulating within parallel bars

Prior to recording, the load cell was zeroed with the prosthesis raised off the ground such
that it was unloaded. Following this, the load cell began recording and the subject ambulated
back and forth along the parallel bars. The observer was to mark in the load file every step that

met the above definition of consistent.
The moment about the abutment was calculated according to the following equations:
My = Mupic + dFap
Myp = Mppc + dFy,

Where Mui and Map are the mediolateral and anteroposterior moments about the abut-
ment. The Mui, .c and Map, L.c are the mediolateral and anteroposterior moments about the load

cell.

Gait cycles were manually excised and pared down to gait cycles using the axial heel strike

as the indicator of the cycle initiation.
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Results

In addition to GRFs in established literature, the data will also be compared to the studies

in Table II. All graphs are shown in percent of body weight. The user body weight was 77.0 kg.

Table Il. Abutment load analysis studies

Ankle Knee
Propulsion Control Propulsion Control
e Passive e Passive e Passive e Passive
Lee etal. 2008 [32] e Semi-active e Semi-active ¢ Adaptive
Frossard et al. 2013 [33] e Passive e Passive o Pass.lve . ° Passw.e
e Semi-active e Adaptive
Frossard 2019 [31] e Passive e Passive . Pass.lve . ° Passw.e
e Semi-active e Adaptive
Thesleff et al. 2020 [3] ° Pass-lve . ° Passw-e ° Passllve - ° Passw.e
e Semi-active o Adaptive e Semi-active e Adaptive

Gait Cycle

In Figure 22 the double peak observed in non-amputated gait axial load curve was obtained
in this study. However, the midstance dip was not as well defined, furthermore the phasing was
different with maximum peaks at 28% and 33% of the gait cycle compared to 10% and 45%

respectively.

In Figure 23, the anteroposterior curve obtained in this study was similar to amputee and
non-amputee kinetics in distribution although the magnitude in the braking force (anterior

shear) applied by the body was more than double that of the amputee data.

Figure 24 shows that the subject tends to drive the prosthesis medially during gait, this
mirrors the non-amputee gait data but is opposite to amputee gait data from the study pre-

sented in Figure 19.
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Both the axial moment in Figure 25 and the anteroposterior moment in Figure 26 are sim-
ilar in distribution to the study presented in Figure 19. However, the abduction peak from this

study was nearly half the magnitude.

The average mediolateral moment in Figure 27 showed a flexion and return to zero. It was
then followed by a small extension. This is a similar distribution to the amputee gait moment
data from the study presented in Figure 19 although the peak magnitude is greater in flexion in

this study compared to theirs.
Peak values

The maximum force and moment experienced at the abutment are depicted in Figure 28

and Figure 29, respectively.

Discussion

This study compared force and moment data to that obtained from transfemoral amputees
using passive or semi-active prostheses in the existing literature. The data from the literature
used a dynamic gait with a portable load cell and recorded continuous force and moment data.
This study used quasi-static gait and recorded continuous force and moment data therefore

some inconsistencies were expected in the comparison.

The OSL gait was inconsistent between steps. This stems from the limitations of the tuning
tempo of the prosthesis of the user. Additionally, the length of the parallel bars would, even
with successful ambulation, require stopping every three steps. Each step should therefore be

considered as possibly both a standing to ambulating and ambulating to standing measure.
Force Loads

The axial forces collected in this study were similar but diverged slightly from reported
literature. The reduced graph gradient may be a result of the stepping being initiated from a
standing position and ending in a standing position instead of a more dynamic action. It could
also be symptomatic of a limited knee range of motion or the altered biomechanics associated
with a non-amputated subject using a bypass socket. Regardless of this, both the literature on
abutment loads and the recorded data lacked the midstance dip likely due to the reduction in

dynamic gait.

The anteroposterior force curves showed results similar in shape to the non-amputee and

amputee literature. However, the maximum anterior peak value (braking force), was greater
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than subsequent posterior force peak (propulsion force). This difference will mean the subject
will reduce in speed over time unless the contralateral leg produces a greater posterior shear
to maintain constant speed. With so few steps taken and the steps not being dynamic in nature
it was not possible to measure the speed of gait, furthermore asymmetries in gait are non-ideal
[4].

Because of the natural variability of mediolateral forces and because those measured here
are not outstanding, the prosthesis may not have had an impact in this plane [29]. Regardless,
there was little difference between collected maximum magnitudes and other studies (8% less

than the literature) and the distribution was very similar to what was found in Frossard et al.
(2013) [33]

Moments

The axial moments are very similar to the published literature for both non-amputee and
amputee subjects. The lower magnitude compared to other planes is to be expected given this

has a smaller moment arm than the other axes [32].

The anteroposterior axis moment is similar in distribution to those in the amputee litera-
ture [31]-[33] and non-amputee data, barring a slow rate increase to the maximum moment.
While Frossard et al. (2013) [33] was consistent in magnitude in measured moment, others
were between two to three times larger [3], [31], [32]. In addition, the other literature is much
larger in standard deviation with a value of more than double that of Lee et al [32] and more

than quadrupled that of Thesleff et al. [3].

The mediolateral axis moment magnitude deviated from existing literature for amputee
and non-amputee moments. For the latter, the initial extension is absent, however, this is con-
sistent with amputee data. The mediolateral axis moment distribution was most similar to that
in Lee etal., Frossard etal. (2013) and Frossard (2019). However, two differences are apparent:
the first being the first maximum peak is about three times as large as the second maximum
peak and it was observed ~5% earlier in the gait cycle. The first observation does not follow
the mean trend line but is within the range of standard deviation. The second observation may

suggest a different gait strategy even among amputees [32].

While being between 25-65% bigger in moment, the collected data proved to be well below
the limit of the safety release. We see at an average value of 24.90 * 8.14 [Nm|, the mediolateral

moment was below the threshold of 70 [Nm]. If data collected in this study accurately
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represents a transfemoral amputee, then it is unlikely that the user would reach the limit of the

safety device in ambulation.

This is important because the safety release mechanism should not release in ambulation.
[t should only release when there is either the potential of abutment or bone fracture. If it were
to release in everyday life it would cause the subject to stop moving immediately and to have
to reconnect their prosthesis before they could continue. This may cause problems if for exam-
ple they were walking quickly and were unable to stop immediately since it could cause a stum-
ble or fall. Preventing unwanted disengagement of the safety device is paramount to its opera-
tion; conversely disengagement when required (for example in a fall) is an essential protection
mechanism of any osseointegrated implant system. This study has demonstrated that the safety
release device should not release under the normal conditions of walking, a further test may be
to investigate whether the thresholds prescribed for release are suitable in the event of a fall

and that it does disengage.
Limitations

Design

The original intention with the motor replacement was to do a simple swap of the motors
on the existing system and translate the high level control as used in clinical studies into CAN
communication. Unexpected delays meant reduced time to work on development and therefore
requiring pre-programmed code to test the abutment loading. This requisited the quasi-static

gait motion described earlier rather than a dynamic gait.

The motor position limit was similarly unexpected, with more time one solution could be
to reduce the gearbox ratio to increase the range of motion. An alternative solution would be to
use torque-only control of the motor. These could not be attempted here due to time constraints
but should be feasible as the torque capabilities of the motor are well within the required

torque values.

Testing

Data collection was undertaken in two one-hour sessions and the subject had very little
time to acclimate to the prosthesis and had their contralateral leg increased in length by the
wood block. In other studies, subjects had longer to familiarize themselves with the prosthesis
(a year on average) and in order to generate comparable data this should be considered in fur-

ther work.
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To fully analyze the performance of the prosthesis, it is necessary to do kinematic analysis
of the gait. This is particularly important when looking at compensatory motions in both legs.
The motion of the hip and pelvis are difficult to determine based solely on kinetics, but they

could have explained some of the gait cycle distribution that was seen.

The limited range of the motion of the knee motor made consistent ambulation difficult as
the swing phase requires a bigger range. Therefore, it is unclear of how much of the gait was

truly continuous or resetting step by step.

Furthermore, the results from this study were undertaken in a non-amputated individual
who was an inexperienced user with different musculoskeletal anatomy compared to a trans-
femoral amputee. In addition, the weight discrepancy of the leg, the knees height discrepancy
and the posterior offset of the prosthetic bypass all contribute to population differences, that

still need investigation.

Conclusion

An open-source prosthetic was modified to meet the higher demands of ambulation than
the previous design could support. The result was a functioning ankle-knee prosthesis with an

active propulsion and support system.

The loads on the abutment of an osseointegrated implant produced by this prosthesis were
then measured. The maximum measured moment was within the ML moment limit of the safety
device (Axor II). Assuming the non-amputee bypass user is a reasonable analog to an amputee,

the OSL should be a viable prosthesis for the OPRA system.
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