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Design, Test, and Evaluation of a High Powered 4 DOF Prosthetic
Leg for Transfemoral Amputees

Brandyn T. Greczek

(ABSTRACT)

A high powered 4 DOF prosthesis for transfemoral amputees is presented in this paper.
The prosthesis utilizes series elastic actuators with high powered hobby grade helicopter
motors capable of providing 2880 W of power each for knee and ankle pitch and ankle roll.
In addition, a yaw motor with a planetary gearbox combination is used for yaw actuation
providing up to 21 Nm of torque. The prosthesis was designed to accommodate a variety of

activities including, but not limited to, walking, running, and stair climbing.



Design, Test, and Evaluation of a High Powered 4 DOF Prosthetic
Leg for Transfemoral Amputees

Brandyn T. Greczek

(GENERAL AUDIENCE ABSTRACT)

A high powered prosthesis for transfemoral amputees is presented in this paper. Four control
mechanisms, three of which are in series with springs to reduce the total power requirement
of the motors, are used on the prosthesis to provide power to all motions of the leg. The
prosthesis is capable of providing powered motion for knee and ankle pitch, ankle roll, and
ankle yaw, i.e. ankle rotation from side to side. The prosthesis was designed to handle a

variety of activities including, but not limited to, walking, running, and stair climbing.
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Chapter 1

Introduction

In the United States alone there are approximately 1.9 million amputees, of those about
18.5% of them are trans-femoral amputees (TFA) [1]. The loss of limbs may be caused
by vascular degeneration or traumatic injury among others [2]. In addition, 32% to 84%
are negatively affected by traumatic amputations, e.g. due to a car crash, and include
depression, post traumatic stress disorder (PTSD), and/or phantom limb phenomenon [3].
Amputation also limits and makes more difficult the ability to perform everyday tasks, and
as a result, may hinder the affected individual’s body image, and potentially their self-esteem
[4]. Therefore, a prosthesis that can give amputees back their mobility, no matter the type

of physical activity they are performing, is much needed.

There are two types of lower limb amputations, trans-femoral (TF) amputation, i.e. above
the knee amputation, and trans-tibial (TT) amputation, i.e. below the knee amputation.
In addition, this may be either a unilateral (one limb amputated) or bilateral amputation
(both limbs amputated). Depending on the severity of the amputation, a bilateral trans-
femoral amputation being the most severe; amputees compensate using their intact limbs
which leads to asymmetries in their gait. The joints used for compensation include their
hip, knee, pelvis, and/or trunk, which leads to medical conditions such as osteoarthritis in
the joints as a result of their gait compensation [5, 6, 7, 8, 9, 10]. However, compensation
with multiple healthy joints leads to an increase in metabolic energy expenditure ranging

from 10-60%, when compared to able-bodied individuals depending on the type of gait,
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i.e. walking, running, stair climbing, sloped ascent; level of the amputation, i.e. TT, knee
disarticulation, TF, and hip disarticulation; and the length of the residual limb, i.e. stump

length [11, 12, 13, 14].
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1.1 Motivation

Lower limb prosthetic devices for both TF and TT amputees have greatly improved over
the past decade, resulting from technological improvements in sensory feedback systems and
power electronics. However, before powered lower limb prostheses were available most lower
limb prostheses were unpowered or energetically passive, meaning that they can store or
dissipate energy, but not generate it. Prostheses comprised of fully passive components are
limited in their ability to provide a natural gait to the user, and being passive in nature,
require the prosthetic wearer to compensate with their intact limbs. In addition, these pros-
theses do not adapt well to changes in terrain since they offer no powered degrees of freedom
(DOF) or sensory feedback system to adjust to these changes. Therefore, passive prostheses
cannot accurately duplicate the gait cycle used by able-bodied individuals, they lack pow-
ered degrees of freedom and sensory feedback, and are not suitable for changes in terrain,
figure 1.1 [15]. Recently though, fully powered prostheses have become commercially avail-
able which generate net positive power to the user to better mimic the gait of a biologically
intact limb. In addition, most powered prostheses lack the power to generate the net positive

power required for activities such as stair climbing and running.
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Figure 1.1: Image of an unpowered prosthetic leg used for trans-femoral amputees.
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1.2 Contribution

The aim of this work is to present a prosthetic wearer with a leg that can accurately mimic
a biological leg, in this paper we present a four DOF prosthesis able to produce powered
motions in the sagittal plane, frontal, and transverse plane (pitch, roll, and yaw) in the ankle
in addition to sagittal plane motion (pitch) in the knee. The actuators responsible for knee
and ankle pitch and ankle roll are powered by a brushless direct current (BLDC) motor
connected to a ball screw via a timing belt and pulley system. The yaw DOF actuator uses
a planetary gearbox and motor combination connected to a center shaft via a timing belt
and pulley system. These actuators provide the power and required range of motion (ROM)
for all degrees of freedom to ascend and descend stairs as well as run at 2.7 m/s (6 mph) in

addition to walking.

To replicate natural human motion, load cells, joint encoders, motor encoders, and current
sensors were implemented to control series elastic actuators (SEAs) which incorporate high
powered helicopter remote control (RC) motors. The use of RC helicopter motors as opposed
to a more commonly used motor, e.g. Maxon EC-40, makes the prosthesis affordable, robust,
and reliable. The use of high powered helicopter motors also provides ample power for any

of the desired physical activities the amputee would like to perform.

An able-bodied leg is able to detect when body weight force and forces beyond that are
being applied, e.g. during a weighted squat. To replicate this behavior, two controllers were
implemented, a middle-level torque reference controller (impedance controller), and a lower
level force controller used to add current when needed to the impedance controller’s signal
based on the present joint forces. These controllers were based on that of Sup (2008) [16].
The use of these two controllers working together makes the leg more biomimetic in nature

and allows for smoother control when large forces, body weight and beyond, are imparted
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on the joints.

This paper describes the initial testing of the prosthesis on an able-bodied individual using an
able-bodied adapter. The tests conducted include walking at a moderate speed of 0.67 m/s
(1.5 mph) while testing for basic gait functionality, i.e. joint angle and torque trajectory
tracking. During the tests both the yaw DOF and roll DOF were kept at 0°; however, the roll
DOF experienced slight deviations from 0° due to unforeseen asymmetric loading conditions.

The results of the treadmill tests are presented.

Finally, since the prosthesis is expected to last for a full day of physical activity, the effects
of using high powered motors for motion control have been analyzed to determine the power
consumption and expected battery life of the prosthesis. In addition, the prosthesis discussed

in this work has several novel features,

o First prosthesis to incorporate a fully powered yaw DOF.

o High powered motors to perform high force tasks greater than body weight.

o First analysis of optimizing a series elastic actuator to minimize power consumption

during all of walking, running, and stair climbing.
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1.3 Thesis Organization

The structure of this document is as follows. Chapter 2 provides an overview of the cur-
rent technology commercially available and the latest research at Universities for powered
prosthetic limbs for TF amputees. Chapter 3 presents an overview of the system and the cal-
culations that were performed prior to component selection for the prosthesis. Namely, the
calculations for determining the minimum motor power required given joint power require-
ments, optimizing the series elastic (SE) elements of the SEA for energy return, yaw DOF
torque requirements, and finite element analysis (FEA) on critical components. Chapter 4
details the mechanical design of the prosthesis, discussing the reasons for the design choices
made in selecting motors, ball screws, SE spring elements, and the yaw actuator. Chapter 5
details the electrical, communication, and control systems of the prosthesis. Namely, it de-
tails the design of the circuit boards used in the system, the inter-integrated circuit (12C) and
universal asynchronous receiver-transmitter (UART) communications, and controllers used
for automation. In addition, it discusses the kinematic modeling of the prosthesis. Chapter 6
presents the results from the 0.67 m/s (1.5 mph) treadmill walking tests. Chapter 7 discusses
the results of the tests in further detail evaluating the prosthesis’s performance. Chapter 8
concludes the work and chapter 9 discusses the future work which must be completed before

further testing of the prosthesis.



Chapter 2

Background

With advances in battery technology, small and powerful motors, hydraulics, and pneumat-
ics, powered prostheses are becoming more common. Now, there are commercially avail-
able fully powered lower limb prostheses for TF and TT amputees with different forms of
actuation, including pneumatic, hydraulic, motor/gearbox and/or series elastic actuation
[16, 17, 18]. These prostheses adapt to the terrain and the desired motion of the user by
actively varying the damping of the powered joints on the fly via microprocessors. Endo-
lite has a large selection of prostheses for both TF and T'T amputees, including standalone
knee and ankle actuators which use hydraulics and/or pneumatics for actuation. Endolite’s
“Linx” full limb system offers four microprocessor control, Bluetooth connectivity for cali-
brating the prosthesis to the user, is built for an active lifestyle, and uses hydraulic actuators
for operation, figure 2.1a [19]. Ottobock also offers a wide range of stand-alone active knee
and ankle prostheses as well as three full limb integrated knee ankle prostheses. Ottobock’s
“Helix 3D” is a fully functioning microprocessor controlled leg which offers both knee and

ankle actuation in addition to pelvic rotation via hydraulic actuation, as shown in figure

2.1b [20, 21].
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(a) Endolite LiNX full leg system for TFAs.  (b) Ottobock’s Helix 3D full leg system including
pelvic rotation for hip disarticulation.

Several research institutions have created prostheses for TF and TT amputees that ac-
commodate more demanding forms of human locomotion aside from walking and sloped
ascent/descent including, stair climbing, running, and potentially jumping. In addition, the
incorporation of the roll DOF to the ankle and its effects on human gait is being explored
[16, 22, 23]. AMBER Lab at Caltech has created the AMPRO3 microprocessor controlled
prosthesis for TFAs which includes knee and ankle pitch as well as an unpowered compliant
passive ankle roll DOF. AMPROS3 uses planar torsional springs as their SEA elements for
the powered degrees of freedom, and a nonlinear optimization based controller for prosthe-
sis control. The prosthesis is currently undergoing initial testing with walking and sloped

ascent/descent locomotion. Figure 2.2 shows the AMPRO3 prosthesis [23]

The SPARKy 3 microprocessor controlled ankle prosthesis uses parallel ankle actuators to
generate motion in both the sagittal and frontal planes of motion, i.e. ankle pitch and roll.

The prosthesis uses SEAs with dual Maxon EC-30 motors and die springs as the SE element.
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Figure 2.2: AMBER Lab’s AMPROS3 prosthesis for TFAs.

The SPARKYy 3 is designed to be a high powered ankle capable of all forms of human ankle
locomotion including running, and jumping, with a peak power output of 1500 W. Testing
of the ankle in running, and jumping has yet to be performed with the SPARKy 3, though
walking, sloped ascent/descent, stair climbing, and jogging have been tested on the previous

versions. Figure 2.3 shows the latest design, SPARKy 3 [22, 24].

Vanderbilt University has produced a fully powered microprocessor controlled knee and ankle
prosthesis for TFAs which uses SEAs with Maxon EC-30 motors and die springs as the elastic
element. For control, a multi-level controller is used which includes, a high-level user intent
controller, a middle-level finite state impedance controller which varies the stiffness and
damping coefficients for each state, and a low-level force controller. This prosthesis has been
tested for walking, sloped ascent/descent, running up to 2.5 m/s (5 mph), and stair climbing.

Figure 2.4 shows the Vanderbilt University prosthesis [16, 25, 26].
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Figure 2.3: SPARKy 3 powered 2 DOF prosthetic ankle for TTAs.

The development of the prostheses presented from both the commercial and research fields
show that this area of product development and research is still highly active, and that
much work has yet to be done to mimic human locomotion completely. In addition, the
prostheses presented show that both stair climbing and running are more difficult to achieve
since these modes of human locomotion require larger joint torques, and therefore a higher
motor power output [27, 28]. Lastly, no prior work has been done concerning the addition
of the transverse plane of motion of the ankle, i.e. the yaw DOF, to a prosthesis in order to
study its effects on the gait cycle. Though no prostheses are available which incorporate yaw
motion, data from studies on the human gait show that yaw does play a significant role in
providing a more natural, symmetric, and stable gait. During level walking alone, the ankle
moves around 2° (internal axial rotation) and —6° (external axial rotation) in the transverse
plane (yaw). Figure 2.5 shows the motions of all three degrees of freedom of the ankle, i.e.

frontal, transverse, and sagittal planes [29, 30]. If all degrees of freedom are not permitted
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Figure 2.4: Vanderbilt Universities fully powered prosthetic leg for TFAs.

by the prosthesis, the wearer’s hip and knee joints must accommodate those motions, which

may contribute to osteoarthritis [5].
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Chapter 3

System Overview and Design

Requirements

3.1 System Overview

The prosthesis described in this work was designed to be a testbed capable of performing all
forms of physical activity. The prosthesis uses SEAs for knee pitch, ankle pitch and roll, and
a geared motor for the yaw DOF with no SE element. BLDC motors and lithium batteries
were chosen over other forms of actuation (pneumatic, hydraulic, etc.) since they provide the
needed power for walking, running, and stair climbing, and do not require heavy accessories,
e.g. pneumatic pumps, for actuation. The SEAs for both the knee and ankle joints use large
diameter ball screws to allow for back-drivability and a large ROM for each of the joints (>
90° for the knee and > 60° for the ankle). The yaw DOF with its geared motor allows for
a ROM of +15°. Figure 3.1 shows the final CAD model of the prosthesis described in this

work.

The microprocessor used to perform all of the computations for control of the prosthesis
is the TIVA C Series TM4C123GH6PM microcontroller, figure 3.2. Table 3.1 gives the
specifications of the microcontroller. One microcontroller is used for each DOF with a
Master module commanding each over I2C. In addition, the Master Tiva transmits joint

angles, speeds, forces, and motor current to a computer via serial communication. The

13
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communication may be expanded to send over IMU data, and motor accelerations as well
if needed for data analysis. Using this information the Master module sends equilibrium
angles to the Slaves at a specified time once certain conditions in the gait cycle have been
met, thereby making the prosthesis passive in nature. This allows the actuators to generate
the forces required by each of the joints to complete the gait cycle while still allowing the

user to maintain control over the prosthesis.

Figure 3.1: Final CAD model of the prosthesis described in this work.

Features Description
MCU 32-bit ARM® Cortex™-M4 80-MHz processor core
Flash (KB) 256
RAM (KB) 32
Dimensions (mm) 63.5 x 50.8

Table 3.1: Tiva C TM4C123GH6PM Specifications

Motor and ball screw sizing for each joint was based on the most demanding gait. The most

demanding gait for the ankle is running in which the velocities and torques were the largest.
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Figure 3.2: TM4C123GH6PM Tiva C Series Microcontroller used for robotic manipulation
and control of leg.

For the knee the largest joint velocity occurs during stair climbing, and the largest torque
occurs during running, as shown in Table 3.3. However, for the transverse plane of motion of
the ankle (yaw) only walking data is available, and therefore, the yaw ROM was designed for
this specification, +15°. In addition, for the yaw motion, a simple calculation for the torque
requirement gave an estimate of 17.5 Nm at the ankle during level walking, as explained in
greater depth in section 3.1.4. Lastly, table 3.2 shows the initial design requirements for the
prosthesis [31]. Note that in table 3.2 there is a gap between the walking and running speeds.
This gap is the transition gap between walking and running, which varies from person to

person [32].



16 Chapter 3. System Overview and Design Requirements

Metric Ideal Value
Walking Speed(m/s) 1.0 - 1.51
Running Speed (m/s) 2-2.68

Support Walking & Running Forces (kg) 100 - 300
Power for Walking & Running (W) 1000 - 2700

Battery Life (hr) 1-4
Weight (kg) 6.80 - 9.07
Height (m) 0.483 - 0.559

Table 3.2: Design Requirements for the Prosthesis

Gait Mode | Joint | Speed (rad/s) | Torque (Nm/kg)
: 33] | Knee -7.17 0.56
Walking ) Ankle | -5.13 141
Running [27] | Knee 7.00 1.52
Ankle -7.68 1.84
Stair 28] | Knee 13.18 1.27
Climbing Ankle 6.69 1.17

Table 3.3: Speed and torque requirements for each joint. The requirements are for the
pitch degree of freedom since this is the degree of freedom that requires the greatest effort.

For testing in a laboratory setting with an able-bodied individual, an able-bodied adapter
(ABA) was created, figure 3.3. Being a prototype, the system is tethered to a computer
for data logging; however, it may easily be untethered once an on-board data logger, e.g.
Universal Serial Bus (USB) module or Bluetooth device is implemented, and the batteries
are placed in a fanny pack style pouch for easy portability. For initial laboratory testing the

batteries are placed on the prosthesis wearers back with the microcontrollers off to the side.

3.1.1 Calculations

The calculations for the various components of the prosthesis used to provide the needed
power and withstand the stresses experienced by each joint for each gait mode are based on

the findings in table 3.3. In particular, the highest stresses occur during the running gait at
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Figure 3.3: Final able bodied adapter used for initial testing of 4 degree of freedom high
powered prosthetic leg.

2.68 m/s where upwards of 3 g, i.e. three times the force of gravity, may be felt, or >300 kg
for a 100 kg individual, and therefore the structural components of the prosthesis were built
to handle these loading conditions. [34, 35]. Note that sloped ascent/descent data was not
analyzed since the actuators were built to accommodate both stair climbing and running
which are more demanding on the joint power requirements, though the sloped ascent/des-
cent data was available for use [33]. The data was fitted for a 100 kg individual, from which
the maximum torque requirements for both the knee and ankle joints are 1.52 Nm/kg and
1.84 Nm/kg respectively. The maximum speed requirements for the knee and ankle were
13.18 rad/s and -7.68 rad /s respectively as seen in figures 3.4 and 3.5. These values for torque
and speed were multiplied by safety factors of 1.3 and 1.5 respectively; however, they were
lowered to 1.2 and 1.15, due to the capabilities of available motors, ball screws, and size and
weight limitations as discussed in chapter 4. The maximum power requirement of each joint
was then calculated by multiplying the resulting speed and torque together. The highest

power requirement was 2751 W for the ankle in running, and 2494 W in stair climbing for
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the knee. The appropriate ROM for knee pitch, and ankle pitch, roll, and yaw is roughly 0°
to 90°, —30° to 30°, —35° to 35°, and —15° to 15° respectively. The calculations presented
include speed and torque requirements for each gait mode, optimizing spring stiffness for the

gait modes, the yaw DOF torque requirements, and finite element analysis (FEA).

3.1.2 Motor Sizing Calculations

Using data from Ounpuu (1994), Novacheck (1998), and Aldridge (2012) [27, 28, 36], speed
vs. torque plots were generated to display the maximum power requirements of each of the
joints with the selected actuator maximum power. Figures 3.4 and 3.5 show the maximum
power requirements for the ankle and knee for each of the gait modes, i.e. walking, running,
and stair climbing, compared to the actuator power. From these two figures, it is evident
that the actuator is capable of meeting the needed power requirements for each of the gait
modes, with a maximum power requirement for the knee of 400 W in stair climbing, and

800 W for the ankle in running.
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Figure 3.4: Speed vs. Torque curves for the three main gaits explored for the prosthesis’s
ankle degree of freedom. Running has the highest power requirement of the three gaits. The
actuator power curve easily satisfies the joint requirements.
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Figure 3.5: Speed vs. Torque curves for the three main gaits explored for the prosthesis’s
knee degree of freedom. Stair climbing has the highest power requirement of the three gaits.
The actuator power curve easily satisfies the joint requirements.
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3.1.3 Series Elastic Actuator Spring Calculations

Springs were placed in series with the actuators to reduce the total motor power requirement
for the joint by absorbing and returning energy during motion, and to give a more natural feel
to the knee and ankle joints. The spring type chosen for the SEA was a leaf spring, discussed
in section 4.3. Calculations were carried out for spring stiffness optimization following the
same procedure developed by Hollander (2006) [37]. A custom Matlab script was created to
generate figure 3.6 which took into account the moment arm of the actuator, the mass of the
individual (100 kg), and the period of the gait cycle. Figure 3.6 shows the results from the
simulation for the power requirements of the motor with varying spring stiffnesses. Stiffness
values were calculated for walking, running, and stair climbing with the stiffest value from
the simulation chosen as the optimal value. The stiffness values for walking, running, and
stair climbing are 160 kN /m, 148 kN /m, and 86 kN /m respectively, and therefore the stiffest
value belongs to the walking gait. In addition, it may be seen that the curves for power
consumption stay fairly constant as the stiffness of the spring is increased which indicates
that any further increase in stiffness will not yield any additional gain in energy absorption
or delivery. Lastly, if the spring stiffness is increased too far past the minimum power value,
then the prosthesis would behave as though an infinite spring rate spring were inserted in
its place, thus eliminating the benefits of having a SEA. With the optimal spring stiffness
selected for each of the gait modes, calculations on the dimensions and deflection of the
spring were performed. The leaf springs were modeled as cantilever beams, and the material
selected by adjusting the length, width, height, arm length, and Young’s modulus used in
the calculation. Note that the desired spring stiffness was incorporated into the calculations
via Hook’s law, equation 3.1, and the total deflection was observed for changes in these
parameters to match that calculated by equation 3.1. Figure 3.7 shows a diagram of the

model used to perform the calculations, note that the arm length is h. Equations 3.2 - 3.4
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are used in the spreadsheet for the calculation of the deflections at point R in figure 3.7. To
expedite the material selection and calculations, a spreadsheet was used, appendix A section
A.1. Ultimately it was determined that titanium would be the best material to use for the

leaf springs.
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Figure 3.6: Motor power required as a function of spring stiffness. The stiffest spring rate
was chosen to minimize the power requirement of the ankle motors. The stiffest condition
belonged to the walking gait.

Figure 3.7: Diagram of cantilever beam model used for the leaf spring calculations.
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F=kxAx (3.1)
F,L

ARp, = == 3.2

R = T2 (3.2)
F,L?

AR, = 30 (3.3)

ARy = ML (3.4)

M= 9FI ‘

Where E is the Young’s modulus of the material, A is the cross sectional area of the beam,
and L is the span of the beam. The results of these calculations gave a maximum deflection
in the knee leaf spring of 5.68 mm, and a maximum leaf spring deflection in the ankle of

26.3 mm with both deflections occurring during the running gait.

3.1.4 Yaw DOF Calculations

For ankle yaw, a planetary gearbox (VEX Robotics VersaPlanetary 50:1) figure 3.8, was cho-
sen for its simplicity in model integration and strength. A simple calculation was performed
to estimate the torque required for yaw motion. For this calculation, a sine function was
used to approximate ankle displacement during yaw. It was assumed that the ankle rotates
at 1 Hz at an amplitude of 15°. Angular acceleration of the ankle yaw was determined by

taking the second derivative of the estimation equation giving,



3.1. System Overview 23

Figure 3.8: Versa planetary gearbox used for the yaw degree of freedom, with an overall
gear reduction of 50:1.

— Aw?sin(w  t) (3.5)

where A is the amplitude of oscillation, w is the frequency of oscillation, and ¢ is time. The
human body was then modeled as a cylinder with the full body weight on one foot coaxial
with the cylinder. Under these assumptions, the moment of inertia for the human body was

calculated using,

1
1= mR* (3.6)

Where m is the mass of the cylinder modeled human which in our case is 100 kg, and R is
the radius of the cylinder being 0.15 m [38]. After calculating the ankle yaw torque, a safety

factor of 1.5 was applied to give a final torque value for the yaw DOF of 17.5 Nm.
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3.1.5 Finite Element Analysis

To ensure that all of the components used to build the prosthesis could handle the forces
they are to experience, FEA was performed for verification of the prosthesis’s structural
integrity under heavy loads and impacts. The components tested were the leaf springs, long
and short trunnions, and knee joint pivot, figure 3.9, so that potential points of failure would
be identified and subsequently fortified or changed. These components were chosen as they
are not only integral to the functionality of the prosthesis, but also because the failure of
these components would be attributed to excessive forces beyond those designed for, and

render the prosthesis inoperable.
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Figure 3.9: Left: The knee pivot which allows rotation of the knee joint. The knee pivot
is also the main connection point to the prostheses adapter which connects to the residual
limb. Top Middle: The long ankle trunnion which is connected to at the top of the leaf
spring, which connects the leaf spring to the actuator, and is responsible for transferring the
stored leaf spring energy to the ankle. Bottom Middle: The short ankle trunnion responsible
for connecting the ankle actuator to the foot to allow for power transfer. There are a total
of two of each trunnion on the prostheses. Top Right: The ankle leaf spring. Bottom Right:
The knee leaf spring.
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Mechanical and Electrical Design

The prosthesis contains 4 DOF, 1 in the knee and 3 in the ankle. The knee uses a single
linear actuator to rotate the knee to the desired angle, while the ankle uses a dual actuator
system to create both pitch and roll. For pitch, both actuators act in an agonist fashion, with
roll accomplished by moving in an antagonist fashion. The third DOF in the ankle, yaw, is
controlled by a motor and gearbox system. Figure 4.1 depicts the 3 degrees of freedom of
the ankle. Speed and torque requirements for each of the active joints of the prosthesis were
derived from the body mass normalized data of Ounpuu (1994) and Novacheck (1998) for
running at 3.2 m/s, Winter (2009) for level walking, and Aldridge (2012) for stair climbing
(27, 28, 36, 39], as discussed in chapter 3. With the maximum power requirements and ROM
for each joint determined, motors, ball screws, and leaf springs were then appropriately sized

to satisfy the joint requirements.

25
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Figure 4.1: The three degrees of freedom of the ankle, i.e. roll, pitch, and yaw.



4.1. Motor Selection and Instrumentation 27

4.1 Motor Selection and Instrumentation

Given the large power requirements for each joint, motors typically used for controlling
prostheses, e.g. Maxon EC-30, were not suitable without being overdriven which requires
additional cooling, e.g. water cooling. Therefore, larger un-instrumented hobby grade motors
were employed. A spreadsheet which calculated the maximum torques and speeds for motors
given their max voltage, power, Kv, and a chosen gear reduction was created to determine
which motors would satisfy the joint requirements, appendix A section A.2. The motor
chosen for both joints was the RotorStar Brushless Outrunner Helicopter - 4962-480 Kv
(700/.90 size heli) motor, capable of producing 3400 W at peak power output. In choosing a
motor of this size as compared to the small Maxon EC-30 motors, we are introducing larger
rotor inertia (calculated in section 5.3.2) which must be accounted for, as well as increasing
the overall prosthesis weight, and therefore inertia. In addition, though the motors are
capable of this power output, they are limited by the maximum current output of the motor
controller (60 A), which gives a maximum motor power output of 2880 W. Figures 4.2 — 4.4
shows a portion of the spreadsheet used for the motor calculations, the chosen motor for

knee and ankle actuation, and the motor chosen for yaw actuation, respectively.

For instrumentation, a hall effect sensor board was created for motor control, as shown in
figure 4.5. The motor controller chosen for the input signal used a 120 electrical degree hall
effect spacing, and paired with the chosen motor which had 14 pole pairs gave a hall effect

mechanical degree spacing of 8.57° via [40]

360 mdeg,  m mdeg

(

= 4.1
3% pp 120 edeg (4.1)

where mdeg is the mechanical degrees of the motor, edeg is the electrical degrees of the motor,
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RotorStar Turnigy Turnigy Turnigy

g::f:‘:f: GFORCE G180 gt::;ﬁ:: Aerodrive ?if:i"oow Berodrive | Aerodrive

Helioonter |ERUSHLESS [ MR | 6K3- 6374 Mumﬂga‘ SK3-5065- | SK3- 5085

P SUTRUNNER 192kw 236k 320k
- 4962- maotor Brushless
MOTOR Brushless . Brushless Brushless
430ky 170KV Multi-Rotor
(CE374-200KY) Outrunner Qutrunner Outrunner
(7000.90 3200 Motor
. " Mator Motor Motor

size heli)
Motor Voltage [V] 44.4 37 37 444 44.4 37 37
Motor Power [W] 2700 1100 1100 1300 1300 1100 1100
Kv [rpm/V] 480 200 170 192 100 236 320
Motor Current [4] 60.8 29.7 29.7 29.3 29.3 29.7 29.7
Kv [rad/Volt-sec] | s0.285 20.924| 17.802 20.108| 10.472| 24.714] 33.510
Ke [N-m/Amp] = 1/Kv [ o020 0.048] 0.056 0.050| 0.095] 0.040| 0.030
No-load Speed [RPM] [ 21317] 7400]  6290] 8524.8| 4440| 8732 11340|
Torque [Nm] | 1.210| 1.419)  1.670] 1.456| 2.796| 1.203| 0.887|
Gear Ratio: [] 50
Torque * Gear Ratio [Nm] 60.450 70.975| 83.499 72.812 1359.798 60.148 44.359
Speed after gear ratio [rpm] 426.24 1438 125.8 170.496 88.8 174.64 236.8
Price $84.70 $85.00 | £65.00 $79.96 $167.18 $56.86 $56.86
Weight (g) 448 750 750 853 674 530 531
Diameter (mm) 435 62.8 58 92 435 435
In Stock Yes Yes| Custom Yes Yes No No
Torque to Weight (Nm/z) | 0.00270| 0.00189| 0.00223]  0.00170| 0.00415|  0.00227|  0.00167|
Torque to Diameter (Nm/mm| __ 0.0247 0.0226| | 0.0247| 0.0304| 0.0246| 0.0181|

Figure 4.2: A sample of the spreadsheet used for picking the proper motor that met all of
the joint speed and torque requirements.

Figure 4.3: The Roto-Star 480 Kv hobby helicopter motor chosen for the knee and ankle
pitch, and ankle roll degree of freedom.

and pp is the number of pole pairs in the motor. Mechanical degrees of the motor refers
to the rotation of the shaft where one rotation equals 360°. Electrical degrees refers to the

magnetic position of the rotor where 360 electrical degrees is accomplished when the rotor



4.1. Motor Selection and Instrumentation 29

Figure 4.4: The Mystery hobby drone motor used for the ankle yaw degree of freedom.

makes a full cycle from “North Pole“ to “South Pole“ to “North Pole®. Figure 4.5 shows the
Eagle CAD drawing of the hall effect sensor board, and figure 4.6 shows the board installed

on the motor.

Figure 4.5: The hall effect sensor board used for enabling control of the hobby brushless
DC helicopter motors.
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Figure 4.6: The hall effect sensor boards installed on the brushless helicopter motors.
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4.2 Ball Screw Selection

Ball screws were chosen over a gearbox due to their higher efficiency (> 90% vs. 75%),
smaller volume, and lighter weight. Ball screws were chosen using the power and force re-
quirements for each joint, discussed in section 3.1.1 while considering the maximum allowable
stresses on the ball screw. In addition, the ball screws needed to be back-drivable, meaning
that they can reverse direction quickly during operation, and unpowered motion. Therefore,
ball screws with a lead greater than 4 mm for our application were required. Ball screw
selection was facilitated by the use of a spreadsheet, appendix A section A.3, which took
the properties of each ball screw and the selected motor as inputs, with the output being
the allowable stresses on the ball screw, and the maximum speed and torque expected for
the joint given a ball screw pre-gearing and moment arm length. Ball screws that met both
speed and torque requirements were highlighted in blue, green if the condition met only
one of the joint requirements, and no highlighting if neither of the joint requirements were

met. Figure 4.7 displays a portion of the spreadsheet used to determine the appropriate ball

SCrews.
\ Requirements
Ball Screw Pre-gearing No Gearing 1:1.25 geared 1:1.5 geareq1:2 geared)| 1:2.5 geared1:3 geared |1:3.5 geare{1:4 geared Required seed (rad's) 14.22
Rotational Speed (rpm) 21312 17049.6 14208 10656 8524.8 7104 6089 5328| Speed Required Force (Nm) 182
Linear displacement (mis) 1.7760 1.4208 1.1840 0.8880 0.7104 0.5920 0.5074 0.4440 Power at given values (W) 2588
Linear Force (N) 1481.6 1852.0 2222 4 2963.2 3704.0 4444 8 5185.6]| 5926.4|Static Load
Motor Inputs
| Peak Velocity (rad!s] | Motor Speed (rpm): 21312
|Lever arm length (m) No Gearing 1:1.25 geared1:1.5 geared1:2 geared) 1:2.5 geared1:3 geared |1:3.5 geare{1:4 geared Motor Speed (radis): 2231.8
0.02 88.80 71.04 59.20 44 40 35.52 29.60 25.37 22.20 Motor Torque (Nm): 121
0.021 84.57 67.66 56.38 42.29 33.83 28.19 24.16 21.14 Power at given values (W) 2700
0.022 80.73 64.58 53.82 40.36 32.29 26.91 23.06 20.18
0.023 77.22 61.77 51.48 38.61 30.89 25.74 22.06 19.30 Ball Screw Inputs
0.024 74.00 59.20 49.33 37.00 29.60 24 67 21.14 18.50 Outer Diameter (m) 0.0150
0.025 71.04 56.83 47.36 35.52 28.42 23.68 20.30 17.76 Ball center-to-center dia. (m__ 0.0158
0.026 68.31 54.65 45.54 34.15 27.32 22.77 19.52 17.08 Minor Diameter (m) 0.0125
0.027 65.78 52.62 43.85 32.89 26.31 21.93 18.79 16.44 Mean Thread Diameter (m) 0.0138
0.028 63.43 50.74 42.29 3171 25.37 21.14 18.12 15.86 Lead (m) 0.005
0.029 61.24 48.99 40.83 30.62 24.50 20.41 17.50 15.31 Friction Coefficient (u) 0.003
0.03 59.20 47.36 39.47 29.60 23.68 19.73 16.91 14.80
0.031 57.29 45.83 38.19 28.65 22.92 19.10 16.37 14.32
0.032 55.50 44 40 37.00 27.75 22.20 18.50 15.86 13.88
0.033 53.82 43.05 35.88 26.91 21.53 17.94 15.38 13.45
0.034 52.24 41.79 34.82 26.12 20.89 17.41 14.92 13.06|
0.035 50.74 40.59 33.83 25.37 20.30 16.91 14.50 12.69 [
0.036 49.33 39.47 32.89 24.67 19.73 16.44 14.10 12.33
0.037 48.00 38.40 32.00 24.00 19.20 16.00 13.71 12.00
0.038 46.74 37.39 3116 2337 18.69 15.58 13.35 11.68]

Figure 4.7: A sample of the spreadsheet used for determining the proper gear ratios and
for selecting the proper ball screw for the application.
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The ball screws selected had a lead of 5 mm and a diameter of 12 mm which had sufficient
back-drivability (a function of the ratio of ball screw lead to ball screw diameter) for the

prosthesis was chosen to achieve the desired joint speeds and torques.
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4.3 Series Elastic Spring Selection

To achieve a more biomimetic feel to the prosthesis by adding in compliance while also
reducing the load requirement on the motor, SEAs were implemented. Therefore, the design
of the actuators required a spring element in order to achieve this behavior. For the spring
type, die springs, leaf springs, and torsional springs were considered for the design. Each
spring design has their own pros and cons and have been used successfully in other prostheses.
For example, the SPARKy 3 prosthetic ankle by Bellman and Sugar (2008) [22] uses die
springs for compliance, the Bionic ankle-foot prosthesis by Herr (2008) [41], uses carbon-
composite leaf springs, and the robotic knee prosthesis by Rouse (2016) [42] uses a torsional

spring.

The decision surrounding which type of spring element to use came down to four criteria:
robustness, ease of integration, compact packaging, and their effectiveness as a spring element
for the forces that the prosthesis would experience during each gait cycle. The leaf spring
design came out to be the most effective of the four spring types. To handle the amount
of stress the leaf springs would experience, grade 5 titanium was chosen as the material of
choice. The ankle assembly uses two leaf springs of dimension 125 mm x 40 mm x 6 mm,
while the knee has only one leaf spring with dimensions 80 mm x 25 mm x 6 mm, see section

3.1.3 for the deflection calculations. Figure 4.8, shows both the knee and ankle leaf springs.



34

Chapter 4. Mechanical and Electrical Design

]
”»
”
»
s
a
]
>
”
"
a
a4

Figure 4.8: Left: Ankle actuator leaf spring. Right: Knee leaf spring.
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4.4 Ankle Actuators

In order to achieve both roll and pitch in the ankle, parallel series elastic actuators were
implemented, inspired by the design of Bellman and Sugar (2008) [22], and Virginia Tech’s
THOR and ESCHER humanoid robots [43]. This allowed for both the ankle pitch and roll
to be controlled using the same two actuators instead of a single actuator dedicated to each
DOF. This method of actuation for these two degrees of freedom gives more power to the
ankle since two motors are working in conjunction with one another. The added power from
two motors allows the prosthesis to be used for many different forms of human locomotion,
beyond those discussed. The two actuators work both synchronously and asynchronously to
generate the pitch and roll motions of the ankle respectively. Figure 4.9, shows each of the

components on the linear SEAs.

The linear actuators include a BLDC hobby motor which inserts into a housing, and a timing
pulley and belt provides a 2.5:1 gear reduction before the ball screw. As the ball screw spins,
the ball nut which is attached to an adapter moves up or down the ball screw to transfer
the motion to the trunnions which provide force to the moment arm to move the prosthetic

foot.

Knee Actuator

The knee actuator shares an identical design to that of the ankle, with the only difference
being the size of the leaf spring. Due to size restrictions and the forces that the knee
experiences during the three primary gait cycles, the leaf spring was made smaller than
those of the ankle. Figure 4.10, shows the CAD model of the knee actuator, its components,

and sensor locations.
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Figure 4.9: The ankle actuator used for powering both the second and third degrees of
freedom of the ankle. There are two of these actuators present at the ankle joint.

4.4.1 Yaw Actuator

For the final DOF in the ankle (transverse motion, yaw) a separate geared motor actuator
was implemented, figure 4.11. A geared motor was chosen for this DOF since it allowed for
a more compact design, easily fit between the two parallel actuators of the ankle, as seen in
figure 3.1, and provided greater torque to the joint than a direct drive motor would. The
gearbox motor combination was chosen based on the yaw calculations, section 3.1.4. The
gearbox chosen for the yaw is a two-stage planetary gearbox (Vex Robotics VersaPlanetary
Gearbox), figure 3.8, with a 50:1 gear reduction which provides sufficient torque to the joint
given the selected BLDC motor (Mystery Brushless Motor 5010-400 Kv), figure 4.4. This

actuator is capable of providing 21 Nm of torque compared to the maximum joint torque
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Universal adaptor - Ball nut adapter

Moment arm joint

Abs. Encoder

Location =
\ +—————— Motor

Yaw attachments <

Pulley and bearing
—
- housing

Leaf spring Load cell

1 DOF Joint

Figure 4.10: The Knee Actuator used for powering the first degree of freedom of the
prosthesis. The linear actuator for the knee uses the same power transfer method as that
discussed for the ankle above.

requirement of 17.5 Nm.

«— Yaw shaft

Timing pulleys

Belt tensioner—ﬁ

Gearbox —

«— Shin

Figure 4.11: Left: The CAD model of the yaw actuator. Right: The final prototype of
the yaw actuator. The yaw actuator is placed in between the two ankle actuators for a more
compact design.

Figure 4.12 shows the completed ankle, and figure 4.13 shows the completed prosthesis
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prototype used for testing and evaluation. The carbon fiber foot is bolted to the bottom of
the ankle. The two rear actuators both have two degrees of freedom to produce the pitch
and roll. The yaw actuator rotates the entire ankle assembly about the yaw shaft that runs

up to and is secured to the knee.

+————— Yaw Shaft

2 DOF Joint

Load Cell
Motor encoder —

+«—— Leaf Springs

[[]] «— Timing Pulley

Leaf Spring Clamp

Shin Structure +— Yaw Gearbox

+— Yaw Motor

Carbon fiber foot

Figure 4.12: The completed ankle with the yaw actuator in between the two ankle actua-
tors.
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Figure 4.13: The finished prosthesis used for treadmill testing.
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Chapter 5

Electronics, Communications, and

Controls

5.1 Electrical System

To accurately replicate the gait cycle of an able-bodied individual, the prosthesis requires
a system of sensors to provide feedback for operation. As determined through the gait
cycle analysis research presented in chapter 3, the most important variables to measure
are the joint torques, angles, and velocities. Absolute magnetic encoders (US Digital Part
#MAE3) were selected to measure joint angles while single-axis load cells (Futek LCM200)
were installed in series with the ball-screws to measure the axial forces on the ball screws
which is directly proportional to the torque at the joint. Optical quadrature motor encoders
were used to determine joint velocities, and inertial measurement units (IMUs) may be
installed (are not currently installed) to measure joint accelerations for implementing the
inertia modeling of the actuators and prosthesis, section 5.3.3. The IMUs may also be used
for user intent recognition to determine what the user is attempting to do, i.e. walking to

running, sit to stand, etc.

A network of Tiva microcontrollers interpret the sensor readings and control the actuators to
achieve the desired motion. In total there are five Tiva microcontrollers, one for each DOF

including one Master Tiva for sending commands to the Slave Tiva devices over 12C and for
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logging data over Serial UART. The four Slave Tiva devices are outfitted with a prototyping
shield which includes a load cell amplifier and an 12C communication connection point, and
a separate joint and motor encoder shield. The Tiva board is then connected to the motor
driver through a motor controller shield. In addition to the sensors listed above the motor
controller shield has a current monitor connection point for sending an analog signal back
to the Slave Tiva which is proportional to the current draw of the motors. The scaling is
20 A/V with a range of £3 V, therefore; an additional scaling and offset circuit was created

to scale the incoming signal to 0 — 3.3 V for the Tiva analog to digital converter (ADC).

The scaling and offset circuit uses op-amps and two resistor divider circuits, one for scaling
and the other for offsetting the signal. Three op-amps were used in the design, one for
buffering the input signal (TL972IP), and two additional op-amps for isolating the scaling
and offset voltage divider circuit sections (MCP601). In addition, since the voltage supplied
from the motor controller for the current reading is £3 V, a charge pump DC-DC voltage
converter (TC7660) was implemented to obtain a negative voltage from the positive supply
as input to the Vss (negative supply voltage) rail of the TLI72IP op-amp. Therefore, the
TLI972IP has a rail to rail voltage of approximately +5 V, which is sufficient for the full
+3 V signal from the motor controller to pass through isolated from the scaling and offset
circuit sections. Figure 5.1 shows the LTSpice simulation of the circuit, figures 5.2 and 5.3
show the eagle CAD circuit and board, and figure 5.4 shows the final circuit used in the
system. Figure 5.5, shows all of these boards arranged in their stacked fashion, and figure

5.6 shows the final electrical system layout.

The Master Tiva is outfitted with a Master Shield, figure 5.7, which includes both 12 V and
5 V power regulators with connection points for each, four general purpose input output
(GPIO) breakout pins, an additional UART module connection point, five I12C connection

points, and two connection points for IMU sensors that work with the 12C standard (future
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25 ADC_Scale_and_Offset_Circuit MCP601 =8 K= |

& ADC_Scale_and_Offset_Circuit_MC...

Cursor 1
Vin005)

Hoz:[ 125.37313ms Ve[ 3.2870002v
Cursor 2

Vin005)

Hoz:[ 975.12438ms Ve[ 9.7399343mv
D#f (Cursor2 - Cursor)

Hoz:[ 840.75124ms  Vet:| -3.2772693V
Freq:[  1.176815Hz  Sope:|  -3.85674

Figure 5.1: Simulation showing the scaling and offset performance of the op amp circuit.
The red signal is the raw unconditioned signal coming from the motor controller. The green
signal is the conditioned input to the microcontroller.

Figure 5.2: The circuit diagram of the printed circuit board used for scaling and offsetting
the signal coming from the motor controller. Three op-amps are used to perform the signal
conditioning in conjunction with a charge pump converter used to generate the negative
voltage supply for the negative voltage rail of the TLI72IP.
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Figure 5.3: The printed circuit board layout of the scaling and offset circuit.

work). The Master Tiva is powered by three 4s Lipo Batteries in series for a total system
voltage of 48 V. The voltage regulators then drop the 48 V to 5 V and 12 V with the 5 V
used to power the Master Tiva and its sensors, and the 12 V power distributed to the Slave
Tivas. A voltage regulator then regulates the 12 V signal down to 5 V to power the Slave
Tiva and its sensors. The 12 V line to the Slave Tiva is needed as the excitation voltage for
the load cell. In addition, an emergency stop has been added to the system as an additional
safety precaution. Figure 5.8, is the block diagram of the electrical system, table 5.1 lists

the sensors and their communication, and figure 5.9 depicts the data flow of the system.
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Figure 5.4: The final ADC circuit. The capacitor across ground and signal was added
later. It had not been included in the board that had been purchased. The newer board
version, depicted in the CAD files of the circuit now includes this capacitor.
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Figure 5.5: Electrical stack used for motion control of the prosthesis. The first board is
used for power conversion, I12C communication, and load cell amplification. The second is
used for absolute and optical encoders. The third is the TM4C microcontroller. The fourth
is the motor controller shield, upon which lays the ADC conversion circuit.

Figure 5.6: The layout of the electrical system used for testing the prosthesis. The alu-
minum box covering the power electronics and the microcontrollers is used to shield the
signal electronics from electro-motive interference caused by the large current draw of the
motors.
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Figure 5.7: Master Shield board used to communicate with each Slave Tiva, and log data

via Serial communication.

Voltage
Regulators

5

A4

12V
y
TMA4C Master N Voltage
< Regulator
nicatior );

N o Sensor Data
Senal Commu n Y
¢ - PWM, DIR (Digital) g Motor Controller
‘ TMAC Slave -
ﬁ AMC AZBDC60A8
Computer A
“ui “ Current Sensor T
Communication V=32 £3V Hall Effects
Module Custom Scale & Digital) :
Digital * 3“’“‘,1 $ Analog—

gita W ; Offset Board
Hobby BLDC
Motor Joint Motors
o
A

Y

Figure 5.8: The electrical block diagram of the system.
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Current Sensing

Comm.
Sensor Type Measurement Model Quantity Protocol/Output
Type
Force (Knee;
Load Cell Ankle: Futek LCM200 3 Analog Voltage
Pitch/Roll)
Absolute . . US Digital .
Encoder Joint Position MAES3 Magnetic 4 10 bit PWM
Joint Velocity ..
Motor Encoder (Knee; Ankle: Us %gitial 1E4T 3 Digital
Pitch/Roll) prica
Hall Effect Motor Posi- Honeywell -
Sensor tion/Control SS41-S 12 Digital
Microcontroller Processing and TI Tiva C Series 5 [2C, PWM,
Control Analog...
Motor PWM
Motor Signal AMC
Controller Amplification & AZBDC60A8 4 PWM

Table 5.1: Sensors and Communication Protocols
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Figure 5.9: Flow diagram of signal inputs and outputs to the electrical system.
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5.2 Communications System

[2C communication is one of the most important elements of the system, without which no
functionality would be possible. The amount of data being transmitted between the Slave
Tiva devices and the Master device is 32 bytes. The Master then logs these same 32 bytes
over UART. Therefore, the total number of bytes sent in a single cycle is 64 bytes. Taking
into account the possibility of sending tuning parameters to the Master and then to the Slave
device, as well as the possibility of incorporating IMUs, totals upwards of 92 bytes of data.

With a sampling rate of 500 Hz, this results in a required 12C speed of,

I2Cspeed = 10 * (92) x 500 = 460, 000 bps (5.1)

including start and stop bits. Therefore, the 12C standard (100 kbps) and fast mode
(400 kbps) are not fast enough for the required data transfer speeds needed, and so fast
mode plus (1 Mbps) and high speed (3.34 Mbps) mode remained. The high-speed mode
was chosen to ensure that any additional sensors added to the system could be easily in-
corporated into the communication protocol without extensive modification. In addition,
the added speed allows for error checking and resending of data if a packet is missed by
one of the Slave devices. Furthermore, the high-speed mode for 12C only applies to the
data packets being sent and not the setup read/write packets which can only be sent at a
maximum of 400 kbps. Therefore, taking this into account high-speed mode was the only
viable option without risking loss of information upon transfer. However, using high-speed
mode requires stronger pull-up resistors to accommodate the requirement of a faster signal
rise time. In addition, the system capacitance must be small for the high-speed mode to
work. Figure 5.10, shows an oscilloscope capture of the I12C data transfers taking place at

high-speed mode. The reading on the oscilloscope shows that the data is being transferred
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successfully and reliably; however, with a little bit of capacitance present on the 12C bus
line. The capacitance of the bus line could be improved by reducing the number of boards

present or shortening the 12C communication cable lengths.

" , T — = =
i~ Agilent Technologies InfiniiVision .[,),?(?.Z?fm,.m,m,,...- g L

Figure 5.10: Oscilloscope capture of the [2C data communication between the Master and
Slave Tiva devices. There is some slight capacitance in the signal as seen by the slew rate
of the signal; however, the signal is good for reliable communication between devices.

The UART speed follows very closely to that of the I2C in that we are at most sending over

54 bytes of data from which we get a maximum speed for the UART module of,

UART speed = 10 % 54 x 500 = 270, 000 bps (5.2)

Including start and stop bit with no parity bit. Therefore, the UART speed that would satisfy



5.2. Communications System 51

this requirement and allow for sufficient time to perform the other tasks of the microcontroller
was 921,600 bps. Figure 5.11, shows the Realterm data logging screen gathering data from
the Master Tiva. The incoming data to Realterm is set to ASCII output format so that no
additional conversion to hex or integer values is required. The data rate of 921,600 is too
quick to allow the conversion on Realterm to take place without getting backlogged with
data and freezing the program. Therefore, an external software, Hex Editor Neo, allows for

the importing of an ASCII data file to be read. The file once interpreted, is imported into

MATLAB for data analysis.

5805y 4 DEFY Fesi DAY,
Display Port | Capture | Pins | Send | EchoPort] 120 | 1202 | 12CMisc | Mise | An| Clear| Freeze| ?|
Status
Baud [921600 v |port [15 =] [open Spy| |EsZ Changel]™ _ | Disconnect
Pty Data Bits | -Stop Bits SeltwaehlonCont e g]]
2 L 3! R [i7
@ Note | @ gbis | © 16t Coabs || necehe MenCha c1s (@
C 040 | 7bis | adure Flow Contl I~ Transmit Xoff Char. [13 DCD (1)
© Mak || © Bbits| | & None " RTS/CTS “IDSR(®)

¢ Space |  Sbits || " DTR/DSR (" RS4851ts IRing (@)
BREAK

Error

Char Count:9396448 |CPS:39680 |Port: 15921600 8N1 None

Figure 5.11: Realterm data logger program. Incoming characters are in ASCII format to
maintain the desired data logging rate.
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5.3 Control System

5.3.1 Torque Reference Controller

In order for the prosthesis to be passively responsive to disturbances while still maintaining
predictable walking behavior, an impedance-based approach has been implemented, following
that of Sup (2008) [16]. Using this approach each segmented portion of the gait cycle will
have a unique stiffness and damping coefficient, which correspond to different joint torque

commands for a given mode. The impedance model implemented is given,

T = k(0 — 6,) + bo (5:3)

Here, 7 is torque, 6 is the angle, 6, is the equilibrium angle, k; is linear spring stiffness, and
b is the linear damping coefficient. Using this approach, energy is delivered to the prosthesis
by switching between modes, while keeping the prosthesis passive in nature, i.e. it will come
to rest at a local equilibrium position, and only continue when the user initiates a transition.
The switching criteria for gait mode transitions may be seen in figure 5.12, where the four

modes are defined as stance flexion/extension, pre-swing, swing flexion, and swing extension.

This impedance model is used for each DOF including the roll, which needed to be tuned
to work in conjunction with the pitch DOF since these two are dependent on each other.
The two command signals, one for roll and the other for pitch, for the ankle were combined
into a single equation which assigns different torque requirements to each of the actuators
via the spring rate and damping coefficients until the roll angle is achieved. At this point,
the torque commands to each of the actuators will be the same. To obtain the desired roll
angle the coefficients for the roll actuation need to vary proportionally with the pitch DOF

coefficients. This is a result of the two actuators having slightly different internal friction
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Ankle angle >
Threshold

Mode 1 ——— Mode2,

Axial Load > Ankle Torque
Threshold < Threshold
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Knee Velocity
<0

Figure 5.12: General switching criteria diagram for transitions between modes in the gait
cycle.

and damping, and motor tunes. If the roll coefficients are left constant for large changes in
pitch DOF coefficients, the actuators tend to drift out of sync with each other and fail to
maintain the desired roll angle. A worst-case scenario occurs when the roll current is much
greater than the pitch current. In this case, the actuators fail to move at all because the
force holding them together dominates the motion and torque commands. The combined

equation is,

TTotal = TPitch T TRoll (54)

Where the equations for the torque for each DOF is that of the impedance model. Using
equation 5.4 for the ankle DOF we see that if one actuator is above the other than the roll
torque will subtract from the pitch torque and slow the actuator down. Likewise, if one

of the actuators is falling behind, the two torques will add and increase the speed of the
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actuator to obtain the desired roll angle. In addition, a stance mode was added to allow
the user to adjust to the prosthesis, and for the baseline parameters required for lifting their

body weight to be tuned.

5.3.2 Ankle Kinematics

The impedance model, 5.4 is used for each DOF, however, the ankle requires additional
calculations for proper control. Since this DOF operates using two parallel actuators, there
are a few ways to approach the control of this system. One way is to couple both actuators
together in pitch and roll so that both actuators only look at the current angle of the joints
instead of their current location on the ball screw. The second option is to independently
control them, and simply send them to locations on their respective ball screw that will
achieve the desired roll and pitch angles of the ankle. The third option is to independently
control them in pitch, and couple them in roll. The third option was chosen out of the three
since it affords each actuator knowledge of its own location on the ball screw for control
while maintaining the desired roll angle through the entire range of motion. The issues with
the first option are that neither actuator knows the exact location of where they are on
the ball screw, and as a result a crash into the top of the actuator is more likely to occur.
An example of this would be to have the roll angle at a maximum while sending a pitch
angle command other than zero to be attained. This would result in a crash, which may
be avoided with additional safety functions in the program; however, is more difficult to
implement. The issues with the second option are that neither actuator has any idea of
the existence of the other, and therefore, any slight imbalance in the internal friction and
damping of the actuators will result in unequal motion, thereby making stable control of the
roll angle nearly impossible. Figure 5.13 shows the kinematic models used for determining

the individual ball nut locations.
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Figure 5.13: Kinematic model used for determining the individual ball nut locations.

From this model, we can derive the equations needed to relate the current joint positions,
i.e. roll and pitch angles, to the locations of the left and right actuator ball nuts, equations
5.5 and 5.6. For these calculations, it was assumed that the actuators remain completely
parallel to each other during the entire ROM. The equation for determining the ball nut

locations is given,

D,y =0, £ (0.5) * dp, cos (6,) * tan(6,) (5.5)
Dy, = 0, F (0.5) * dp,, cos (0,.) * tan(6,) (5.6)
In equations 5.5 and 5.6 the plus-minus sign corresponds to whether the prosthesis is being

worn on a left or right foot. Note that Dy, and D, are the ball nut locations given as an

angle; the angle at which the ankle pitch encoder would read if the other ball nut moved to
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that same location. To validate the assumption made, the calculated ball nut position was
compared against the pitch angle measurement from the absolute encoder at the joint and
were within 0.5° of the absolute encoder position measurement. Using these same equations,
the desired equilibrium angle was transformed to an equivalent ball nut location for each of

the actuators for control using equations 5.7 and 5.8.

Dipe = Ope £ (0.5) x dp, cos (0,) * tan(6,.) (5.7)

Dipe = 0y F (0.5) * dp, cos (6,e) * tan(6,.) (5.8)

In equations 5.7 and 5.8 above D, and Dy, are the desired equilibrium angles of the ball
nuts given 0,. and 0;. the desired roll equilibrium angle and 6, the desired pitch equilibrium

angle. Lastly, d,, is the horizontal distance between the ball nuts at 0° roll.

5.3.3 Force Controller

In addition to the torque reference controller (impedance controller) described above, a lower
level force controller was implemented to supplement the actuation of the prosthesis. By
incorporating a force controller, the prosthesis is able to move in a more natural way by
compensating for the inherent friction and damping forces in the actuator and aiding in
overcoming the inertial forces. The force controller is a simple PID controller which takes in
the desired force to be applied to the ball screw via the torque reference signal and compares
it to the present load on the ball screw. The signal leaving the force controller is the current
input to the motor. By implementing the force controller the torque reference commands
from the torque controller are more easily tracked by the leg during operation. Equation 5.9

is used in the force controller, note that the proportional gain is the only one used in the
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controller.

Ttotal

Signal = Ky (4t Arm

— ForceSignal) (5.9)

The force and torque reference controllers above are the ones used in the present system,
and were used to obtain the walking data in chapter 6. However, inertial modeling was
conducted to be used in a more advanced controller if needed once additional sensors are
incorporated into the prosthesis, see chapter 9 section 9.3. The inertia for the system was
computed using standard modeling equations for inertia. Sources of inertia in the actuator
are the ball screw, ball screw pulley, and the motor shaft. Note that, another source of
inertia is the ball nut; however, when compared to the loading conditions expected on the
joint, e.g. > 10 kg vs. 0.1 kg for the ball nut, is negligible, and handled by the joint force
compensation described above. Values for inertia were derived from the NX CAD model of
each of these components using the radius of gyration about the desired axis. Equation 5.10

for the inertia of a point mass at the end of a rod was chosen for the calculation,

I=mxr? (5.10)

where m is the mass of the component and 7, is the radius of gyration about the desired
axis as given by NX. The motor, being a hobby motor, had no documented rotor inertia,
and therefore an NX model of the outrunner portion was created, figure 5.14, to obtain an

estimate of the inertia.
Table 5.2, summarizes the results of these calculations.

The values calculated in table 5.2, are then translated to those seen at the motor. Equation

5.11, is used to calculate the additional torque requirements to overcome the rotational



58 Chapter 5. Electronics, Communications, and Controls

Figure 5.14: NX motor model used to calculate the moment of inertia of the motor.

Component Inertia [kg*m?]
Ball Screw Knee | Ipgr = 1.277(107°)
Ball Screw Ankle | Ipga = 9.654(1077)
Ball Screw Pulley | I, = 9.715(1079)

Motor Tt = 7.876(10°7)

Table 5.2: Summary of Actuator Rotational Inertias

inertia.

Ips + Iy

r — I r
i (Tt + PreGear?

) % g (5.11)

In addition to the rotational inertia of the actuator components, the inertia of the prosthesis
must also be taken into account. The prosthesis may be broken up into three separate

cylindrical sections for modeling purposes, the sections being, the knee, the ankle, and the
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foot. Each of these cylinders is connected to each other, all rotating about a single axis
perpendicular to the length of the cylinders at the end of the knee cylinder model. Figure
5.15, depicts the model used for the inertia calculations of the prosthesis which is only
applicable to the knee DOF program. Figure 5.16, depicts the model used for the calculation
of the inertia for the yaw DOF which is only applicable to the yaw DOF program. Note that
the only rotating sections of the prosthesis due to the yaw motion are the ankle and foot,
depicted in the model. This calculation uses the same cylinder model for the ankle as that

used for the knee inertia calculations.
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Axis of Rotation 7

Y

Figure 5.15: Model of prosthesis used for calculating the mass moment of inertia about

the axis of rotation at the knee joint.

From the model of the leg above, the following inertia equations are derived,

IKnee = ZmKneeR% + ngneeL%
T ankie = ZlmAnkleRg + gmAnkle(LZ — L1)* + moanme L7
1 2 1 2 2
]Foot - ZmFooth + ngoot(LS - L2) + mFootL2

Therefore, the total mass moment of inertia for the prosthesis is given by,

IProsthesis = IKnee + IAnkle + -[Foot

(5.12)
(5.13)

(5.14)

(5.15)
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Axis of Rotation

/

Figure 5.16: Model of prosthesis used for calculating the mass moment of inertia about
the axis of rotation for yaw.

From the model of the prosthesis above, the following inertia equation is derived,

1 1
Iyaqw = §mAnkleRg + EmFooth (516)

The results from these calculations are summarized in Table 5.3.

DOF | Model [kg*m?]
Knee | Iprosihesis = 0.3788
Yaw | Iy = 5.5(1077)

Table 5.3: Summary of prosthesis inertial modeling

Equation 5.17, may be used in the program for calculating the additional torque requirements
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to overcome the inertia due to the prosthesis.

I rosthesis L d
Prosth * Lea * Oty (517)

TProsthesis — -
TOSRests  Gear Ratio® x npg

Therefore, the total torque requirement due to inertial affects for the knee DOF is given by,

Ips + ]plly Iprosthesis * Lead
PreGear? = GearRatio? x ngg

TKnee — (Imtr ) X Omitr (518)



Chapter 6

Results

The prosthesis was tested on a treadmill with able bodied individuals using an able bodied
adapter. For these initial tests the yaw DOF was not used, and the roll DOF was kept at
approximately 0°. Testing sessions lasted from 1 - 1.5 hours, to allow the user to become
comfortable with walking in the ABA. The results presented below are for a walking speed
of 0.67 m/s (1.5 mph), and show similar characteristics to that of a normal walking gait with
a 1 second step period. In addition, the torque at each of the joints, the joint power, and the

motor current draw and power to determine the battery life of the prosthesis are analyzed.

63
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Gait Mode Knee Impedance Ankle Impedance
k (Nm/deg) b (Ns/m) 6 (deg) k (Nm/deg) b (Ns/m) 0 (deg)
1 1.34 0.13 15 1.11 0.13 -1
2 1.34 0.13 11 1.34 0.13 —14
3 1.78 0.78 45 1.56 0.13 0
4 1.78 0.40 10 1.56 0.13 1

Table 6.1: Tuned parameters for the prosthesis at a walking speed of 0.67 m/s (1.5 mph).

6.1 (Gait Replication

During the treadmill tests the equilibrium positions, spring stiffnesses, and damping co-
efficients were adjusted until a satisfactory gait was achieved. The final values for the

equilibrium angles, spring stiffnesses, and damping coefficients are given in Table 6.1.

The final parameters listed in table 6.1 were tuned by observing the prosthesis during tread-
mill walking, user feedback, and data analysis. Once satisfactory parameters were achieved
the prosthesis was able to walk reliably for a short span of speeds, e.g. 0.45 m/s - 0.67 m/s
(1 - 1.5 mph) before parameters would need to be adjusted due to changes in gait at faster
walking speeds, and for gait transitions in general, e.g. walking to running. The final walk-
ing gait achieved by the prosthesis for 0.67 m/s (1.5 mph) may be seen in Figure 6.1, and

the nominal walking gait assuming a step period of 1 second may be seen in Figure 6.2 [33].
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Figure 6.1: Gait pattern for the prosthesis at 0.67 m/s (1.5 mph) for eight consecutive
strides.
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Figure 6.2: Normal walking gait pattern [33].
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6.2 Joint Torques

Figure 6.3 shows the knee and ankle torques present throughout the gait cycle, and figure

6.4 shows the body weight normalized joint torques of a normal gait.
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Figure 6.3: Gait joint torque pattern for the prosthesis at 0.67 m/s (1.5 mph) for eight
consecutive strides.
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Figure 6.4: Body weight normalized joint torque pattern for normal walking gait.

From figure 6.3 we see that both the ankle and knee actuators apply the torque to the joint
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where necessary in the gait cycle. The ankle experiences a slight increase in torque from 0
- 10% during stance flexion/extension reaching roughly -15 Nm with the maximum torque
output occurring during toe-off at 20 - 60% reaching roughly 90 Nm. For the remainder
of the gait cycle from 60 - 100% the torque remains constant at around 0 Nm. The knee
experiences a somewhat large deviation in torque delivery from stride to stride due to several
factors discussed in chapter 7 section 7.2. The torque delivery to the knee joint during stance
flexion/extension from 0 - 36% peaks at 20 Nm at heel strike and then around -20 Nm leading
into pre-swing, pre-swing from 37 - 60% peaks at 40 Nm, and swing flexion/extension from

60 - 100% peaks at -20 Nm.
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6.3 Joint Powers

Both the knee and ankle joint powers throughout the gait cycle are presented in figure 6.5,
with the joint powers of a normal gait shown in figure 6.6. The maximum power obtained
by the prosthesis is 30 W for the knee and 25 W for the ankle. The maximum power given
by the body weight normalized gait data for the knee is -1.145 W /kg, and 3.685 W /kg for

the ankle.
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Figure 6.5: Averaged knee and ankle joint powers for the prosthesis for eight consecutive
strides.
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Figure 6.6: Body weight normalized joint powers for normal walking gait.
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6.4 Battery Power Consumption

During the treadmill walking trials, batteries were used and data was gathered on the current
draw of the motors. Figure 6.7 displays the average current draw for eight consecutive strides
at a walking speed on 0.67 m/s (1.5 mph). The average current draw for the knee actuator
is 5.10 A and that for the ankle is 13.78 A. In addition figure 6.8 shows the motor power
during the gait cycle. The average power for the knee and ankle motors are 10.75 W and

7.11 W respectively.
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Figure 6.7: Averaged gait cycle current draw for knee and ankle actuators for eight con-
secutive strides.
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Figure 6.8: Averaged gait cycle motor power for knee and ankle actuators for eight con-
secutive strides.



Chapter 7

Discussion

For the treadmill tests an ABA was implemented with each test subject needing to become
acclimated to it, and have the prosthesis tuned for their own particular gait. This was
evident when conducting the tests with two different subjects, each requiring slightly different
equilibrium angles, spring stiffnesses, and damping coefficients. The subjects also provided
feedback on whether or not the ankle actuators were providing enough force during toe-off
and if there was sufficient support from the leg throughout the stance flexion/extension phase
of the gait. Once the prosthesis was tuned, the test subjects were comfortable with walking
in the ABA; however, the ABA still caused issues at times due to the additional compliance,
which would result in the subjects stumbling and therefore will need to be improved for
future testing. Another area of complexity which needed tuning was the force controller’s
proportional gain for each of the ankle actuators. This needed to be done since there was a
difference between the load readings on the right and left ankle actuators, which caused the
roll to deviate from the desired angle, in our case for testing 0°. This though should not be
a large area of concern when testing on an amputee since the force will be acting down the
center line between the parallel actuators. In addition, during testing noise interference due
to Electromagnetic Interference (EMI) caused the prosthesis’s I12C communication to cut out
frequently which rendered it nearly impossible to accommodate further testing. When the
communication cut out, the Master module was no longer able to send data to the Slave

devices which is critical for sending the new gait transition modes for continued operation.
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In addition to the loss of communication with the Slave devices, the Master was no longer
able to send data to the computer via UART for data logging. The data gathered is all that
could be obtained before the communication cut out. However, multiple possible solutions

to mitigate the EMI were attempted which included,
o Making the I2C communication protocol more robust in handling arbitration lost er-
rors.
o Using shielded cabling with earth ground.
o Placing the motor controllers in an earth grounded aluminum box.
» Placing the microcontrollers in earth grounded aluminum boxes.
e Removing the microcontrollers from the prosthesis and placing them in a large earth

grounded steel box with shielded cabling.

The last solution provided sufficient time to gather the test data from the treadmill tests

presented in chapter 6.
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7.1 Gait Replication

From the treadmill tests depicted in figure 6.1 above, we see that the prosthesis is capable of
imitating the gait cycle with additional tuning of the parameters. From the data gathered
there is a slight resemblance in the stance flexion/extension phase, around 0 - 36% of the
gait, to that of a normal gait in the knee DOF'; however, there is a greater resemblance
in the ankle to a normal gait. Once the prosthesis enters into pre-swing, about 36 - 60%
of the gait, there is a slight dip in the knee angle as is for a normal gait followed by the
largest motion of the knee during walking, swing flexion and extension, 60 - 100% of the
gait. During pre-swing the ankle goes into toe-off and pushes the prosthesis to continue
the forward motion of the leg. Once the pre-swing phase is complete the ankle moves to 1°
so that the foot is sufficiently elevated and clear of the floor for the swing extension phase
of the knee. This also allows the foot to land on the heel instead of landing flat footed.
One area of issue is the synchronization between the knee and ankle DOF when the knee is
entering swing flexion later than the ankle, and therefore the power delivery to the user is
not efficient and causes a slightly unnatural gait. All of the issues in the current gait pattern
for the prosthesis may be mitigated with further tuning once the issues of noise interference

have been resolved. See chapter 9 for details on resolving these issue.

7.2 Joint Torques

Following that of the gait pattern replication, it is important to replicate the joint torques
accurately in order to minimize power consumption, and to provide positive work where
necessary in the gait cycle. The joint torques were calculated using the load cell data gathered

during testing and the known 50 mm moment arm for the joint. The torque delivery to the
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ankle shows that the actuators are providing the torque where necessary in the gait cycle. For
our test subjects, the normalized walking gait data would yield a maximum torque output
of 36.41 Nm for the knee and 91.52 Nm for the ankle. The torque distribution matches what
is expected when observing the phases of the gait cycle. Starting in stance flexion/extension
the knee follows the characteristic pattern of the normal gait, but hits a lower maximum
torque output of around 20 Nm than the expected 36.41 Nm. The knee then experiences a
drop in torque output, around -20 Nm, due to the stance phases main function of being a
support for the body weight of the user. Entering into pre-swing the knee begins to move
more quickly as it prepares to enter into swing flexion/extension where it propels the user’s
body forward. At this point in the gait the torque output is lower since the leg is now free
swinging in air where the load on the knee joint is low but the velocity is high. The ankle
torque output in the stance flexion/extension phase is supposed to have a gradual increase in
torque leading up to toe-off; however, for our prosthesis the onset of torque is more sudden
in the stance flexion/extension support phase and is maintained through pre-swing where
toe-off occurs. Once the gait cycle enters into swing flexion /extension the ankle torque drops
to zero as expected and as seen in the normalized torque output in figure 6.4. This is due to
the fact that the ankle is in the air as the knee completes its swing. Note that throughout
the gait cycle the ABA adds compliance to the knee joint which has a marked effect on
the ability of the knee actuator to follow the torque commands, particularly in the stance
flexion/extension phase of the gait which is where the large deviations in torque output

between consecutive strides of the gait cycle originate from.
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7.3 Joint Power

The power output of the joints shows that both the knee and ankle joints are offset in their
application of power, and therefore are not providing as much assistance during walking
as possible. The maximum power output achieved by the knee DOF is offset from what
is expected by approximately 10% occurring at 70% instead of 60% of the gait cycle. In
addition the maximum power output is around 30 W whereas for our subjects it is expected
to be around 74.43 W using the normalized gait data. This then suggests that most of the
power is output during the swing flexion/extension phases of the gait where the velocity of
the joint is at its highest. For the remainder of the gait cycle the power output of the knee
joint stays around zero due to a very low velocity output during the stance flexion/extension
phases of the gait. The ankle has a marked difference between what was achieved and what
was expected when viewing the body weight normalized gait data. The maximum power
output achieved by the ankle is only 25 W whereas the expected output is 239.5 W. In
addition the application of the power to the ankle lasts from 10 - 50% of the gait cycle when
it should last from about 45 - 60% of the gait cycle. Therefore, much work is needed in the
tuning of the parameters to maximize the power delivery to the user during the walking gait,

and to better synchronize the knee and ankle actuators throughout the gait cycle.
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7.4 Battery Power Consumption

Ideally the batteries are to last for 1 - 4 hrs depending on the gait of the individual and the
speed at which they are moving. As seen in figure 6.7 the average battery power consumption
for the prosthesis during level walking at 0.67 m/s (1.5 mph) is 20.9 W, and indicates that
the prosthesis will last for approximately 20 minutes, with three 6400 mAh 4s LiPos. This
estimate is due to the large current draw of the motors as seen in figure 6.7. This then shows
that the prosthesis must be tuned further in order to maximize the application of the torques
when necessary. In addition, the use of large BLDC motors introduces a large rotor inertia
which requires a higher current to initiate rotation of the shaft. However, as previously stated
the largest factor affecting the large current draw of the motors are the tuning parameters
for the torque controller. Therefore, the prosthesis is not capable of sustaining a full day of
walking at reasonable speeds, let alone performing any strenuous activities such as running
and jumping, though the leg is designed to be able to perform these tasks. In order to
increase the functioning time of the prosthesis it is necessary to tune the parameters more
precisely, which may be accomplished by making some changes to the electrical system as

discussed in chapter 9.
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Conclusions

The prosthesis described in this work was built to be a high powered 4 DOF leg for TF
amputees capable of performing a wide variety of high power tasks, e.g. running, squatting,
and potentially jumping. The prosthesis successfully replicated certain characteristics of the
walking gait of an able bodied individual with deviations in the angle and torque trajectories
due to additional compliance in the ABA for the knee joint, and parameter tuning in both
the knee and ankle joints. To achieve a more bio-mimetic feel the prosthesis utilizes SEAs
which store and return energy to the joint during the gait cycle, and to reduce the total motor
power required throughout the gait cycle. However, the SEAs need to be tested further to
determine their effectiveness in reducing the motor power consumption throughout the gait
cycle. Replicating the walking gait was achieved through the use of proper sensor selection
which included, load cells placed in line with each ball screw on the linear actuators, absolute
encoders placed at the ankle joint for roll, pitch, and yaw, and the knee joint for pitch,
and incremental motor encoders for velocity calculations. In addition to the sensors used
for enabling the prosthesis to perform locomotive tasks current sensors were implemented
for future use to determine the effectiveness of the SEAs at returning energy back into the
walking gait, and for motor power and battery consumption calculations. The average power
for the knee and ankle motors were 10.75 W and 7.11 W respectively with a current draw of
5.10 A and 13.78 A for the knee and ankle respectively. The average power consumption of

the motors shows that the prosthesis is capable of 20 minutes of walking without needing to
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recharge the batteries. Therefore other activities which require higher power consumption
than walking are currently not feasible without worrying about the batteries dying. The
linear actuators use high power helicopter BLDC motors which provide 2880 W of peak
power to the prosthesis for the given motor controller which can provide 60 A peak current
output. The maximum power requirements for the prosthesis are 2751 W for the ankle in
running and 2494 W in the knee for stair climbing. Hobby motors are not typically used
in bio-medical applications due to their lack of precision in movement and high rotational
inertia; however, we have shown that with proper sensor instrumentation they work well
in providing the needed joint torques during walking and replicating the walking gait on a
treadmill at 0.67 m/s (1.5 mph), but with further tuning required. The maximum torque
output recorded for both the knee and ankle are 40 Nm and 90 Nm respectively. In addition,
the benefits of using these motors are many which include the ability to perform a wide range
of human locomotive tasks beyond those of walking, e.g. running, stair climbing, squatting,
and potentially jumping, all of which have larger power requirements if they are to be
performed successfully, and their cost as compared to the standard motors used, e.g. $90 vs
$260. Further testing is to be done regarding if there are any added benefits by including
the yaw DOF in the walking gait after some mechanical revisions are made to the yaw DOF.
In addition, testing on the different types of human locomotion are to be studied in order
to push the prosthesis to its upper limit and test how the system responds to activities
requiring higher power outputs. Lastly, several revisions may be made to the electronics
of the prosthesis, including reducing the number of microcontrollers used to control the

prosthesis which may fit into a shielded box to be worn on the wearer’s back or hip.
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Future Work

The prosthesis described in this work has been able to produce proof of concept results that
show promise for this type of mechanical setup which uses parallel SEAs for ankle actuation
and a single SEA for the knee. However, due to system complexity the ultimate goal of
achieving a full description of how the gait cycle is affected by the addition of a powered
yaw DOF, and the effects that the high powered motors have on allowing the prosthesis to
achieve more demanding forms of human locomotion have been compromised. Therefore in
this chapter an overview of the future work will be laid out which will describe steps that
may be taken to improve the system for further testing of the novel features of the prosthesis.
We start with the yaw DOF followed by the electronics system used including: the control
system, PCBs, additional sensors to be added for better performance, and motor testing to

determine the thermal constant of the motors used.
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9.1 Yaw Actuator

The yaw actuator as a whole does not need much revision; however, the belt tensioner must
be redesigned in order to maintain proper tension on the belt as the prosthesis is in motion.
Currently the belt tensioner uses radial bearings with a single bolt that is mounted to the
same platform as the yaw gearbox, and only has support at one end. Therefore as the
tension in the belt is increased the bolt bends backwards and loses tension during operation.
This backwards bending of the bolt also causes an uneven distribution of tension on the
belt with only the bottom portion of the radial bearings making contact with the belt. The
belt tensioner currently used may be seen in figure 9.1 with the bolt bending backwards.
A revision of the belt tensioner would include support at both ends so when the tensioner
is adjusted the bolt will not bend backwards during operation. In addition to the belt
tensioner, a minor issue is that thread locker must be added to the timing pulley and nut

which connect to the yaw shaft in order to prevent them from coming loose during operation.

Lastly, it is recommended that the motor used for yaw actuation be switched out for one
which is more reliable. The Mystery motor currently being used was not able to be properly
tuned as an ideal position for the hall effect sensor board could not be found. The motor
was only capable of providing good acceleration and torque in one direction of rotation while
the other direction suffered, thereby making the yaw DOF unreliable in its torque delivery

and trajectory tracking during the walking gait.
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Chapter 9. Future Work

Figure 9.1: Current yaw belt tensioner on prosthesis.
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9.2 Electronics - Control System

In addition to the yaw DOF issues discussed above the electronics will also need a revision due
to the over-complexity of the system. Currently there are five microcontrollers controlling
the system, one for each DOF and one Master module for sending gait cycle transition
commands and for data logging. However, a more powerful controller such as a small on-
board computer, e.g. a Raspberry Pi (figure 9.2), would be able to control each of the
actuators and log data over UART to a laptop or desktop computer. By having only one
module controlling all of the actuators the main issue of EMI would be eliminated since
there would be no communication protocol between Master and Slave devices. In addition,
the switching criteria for the actuators could be better synchronized since the actuators are
controlled by one device, and the lack of delays due to bus recovery from EMI would increase
gait mode transition speed. Very minimal additional hardware would be needed to make
the change; however, depending on the on-board computer used a different programming
language may be needed if it is not compatible with C or C++ based languages as used in
Code Composer Studio (CCS). However, the current code may be used as a template for the

order of processes regarding sensor signal reading and torque application for the new code.



84 Chapter 9. Future Work

Figure 9.2: Raspberry PI board as potential on-board computer to replace current micro-
controller system.
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9.3 Electronics - Hardware

Along with the control system used, some of the hardware may be changed out to achieve
better performance of the prosthesis. These changes are optional; however, would be bene-
ficial for obtaining maximum performance. The force controller used in the prosthesis is a
simple PID controller which uses the load cell readings as one input and the desired torque
command from the torque controller converted to an axial force on the ball screw as the
other. Currently the load cell signals are being amplified using a pre-made amplifier board;
however, the amplifier board has a voltage offset of 2.5 V which limits the range of the
present system and decreases the resolution of the load cell readings. A separate load cell
amplifier board with adjustable voltage offset is recommended for future use regardless of
whether or not the current microcontroller controls system is used. This board is also rec-
ommended if the new researcher(s) opt to replace the present control system with a single
on-board computer (highly recommended approach). The recommended amplifier board has
already been made by a previous researcher and need only be populated, figure 9.3. The

board however, has yet to be tested to its full potential.

If the present control system is deemed insufficient for the prosthesis to perform other forms of
human locomotion, moments of inertia for the prosthesis have been calculated as discussed
in section 5.3.3 of the paper, and may be used if needed. Note that these values have
not been thoroughly tested with the current prosthesis and may need some adjustment as
incorporating inertia into controllers can be hazardous if the values are too large, i.e. cause
uncontrollable behavior. If it is desired to use the inertia calculations, then IMUs must be
added onto the prosthesis at the locations of the ankle, knee, and yaw joints. However, one
IMU at the ankle joint is sufficient for all of the needed information, but with a little more
math, figure 9.4. The one IMU approach though may be deemed more favorable over having

one at each joint since there will be fewer wires to manage and less data to transfer over the
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Figure 9.3: Load cell amplifier board.

IMUs communication protocol which will minimize loss of data due to noise interference.

In addition to the sensors currently employed on the prosthesis one other sensor may be
added to increase the reliability of the gait transitions. The sensors which may be added are
small force sensors in the foot. These force sensors do not need to be a load cell, but instead
may be inexpensive force sensing resistors (figure 9.5) positioned at the heel and ball of the
foot to sense, in conjunction with the actuator load cells, the heel strike and toe-off phases
of the gait cycle. These would be a very simple addition to the prosthesis since it would only

require setting up a few analog pins on the on-board computer for operation.

Lastly, to unlock the full potential of the BLDC helicopter motors used, a motor controller
capable of higher current delivery is recommended. At present the motor controllers used
are only capable of 60 A peak while the motors are capable of 75 A peak. If a new motor

controller is desired, then it is recommended that the new motor controller have a current
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Figure 9.4: Approximate IMU placement on ankle to implement inertia modeling in future
controller.

sensor output pin which will work with the ADC voltage range of the on-board computer
so as to avoid making a custom PCB to scale and offset the current sensors voltage signal.
Regarding the 75 A current rating for the motors, note that this is with cooling; however,
for short bursts of operation which is characteristic of human locomotion cooling is less of
an issue. That being said, experiments on these motors regarding their thermal constant to
determine if cooling would be needed is recommended. This may be achieved by using a
custom made motor mount (figure 9.6) to be connected to a lathe tool holder with the motor
shaft connected to the lathe’s three jaw chuck via shaft collar and shaft. The motor may
then be instrumented with a thermocouple and held at stall using varying current draws to

determine the thermal constant.
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Figure 9.5: Force sensing resistor to be placed in the foot for heel strike and toe-off
detection.

Figure 9.6: Custom motor mount for lathe testing to determine the thermal constant of
the BLDC helicopter motors used in the prosthesis.
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A.1 Leaf Spring Calculations Spreadsheet

Case 2

ﬁ

! t — LT..HN

HE
Span (mm) | Width (mm) | Thickness (mm) Arm length(mm) Youngs Modulus E Moment of Inertia | Force
50 40 8 48 1.138E+11 1.70667E-09 4400
55 40 8 48 1.138E+11 1.70667E-09 4400
60 40 8 48 1.138E+11 1.70667E-09 4400
65 40 8 48 1.138E+11 1.70667E-09 4400
70 40 8 48 1.138E+11 1.70667E-09 4400
75 40 8 48 1.138E+11 1.70667E-09 4400
80 40 8 48 1.138E+11 1.70667E-09 4400
85 40 8 48 1.138E+11 1.70667E-09 4400
90 40 8 48 1.138E+11 1.70667E-09 4400
95 40 8 48 1.138E+11 1.70667E-09 4400
100 40 8 48 1.138E+11 1.70667E-09 4400
105 40 8 48 1.138E+11 1.70667E-09 4400
110 38 8 50 1.138E+11 1.62133E-09 4400
135 50 8.5 50 1.138E+11 2.55885E-09 7000
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A.1. Leaf Spring Calculations Spreadsheet

A, _ —EhP s
Y Y = —
i 2ET SET
Slope (rad) Deflection at R (Rx) mm Deflection at R (Ry) mm Deflection at Q (Qx) mm Deflection at Q (Qy) mm

0.054371705

0.006041301

1.359292619

2.614597413

1.430225916

0.059808875 0.006645431 1.644744069 2.875760208 1.730568918
0.065246046 0.007249561 1.957381371 3.136838183 2.059514247
0.070683216 0.007853691 2.297204525 3.397823639 2.417061421
0.076120387 0.008457821 2.664213533 3.658708879 2.803209916
0.081557557 0.009061951 3.058408392 3.919486207 3.217959166
0.086994728 0.009666081 3.479789104 4.180147932 3.661308564
0.092431898 0.010270211 3.928355668 4.440686366 4.13325746
0.097869069 0.010874341 4.404108084 4.701093825 4.633805163
0.103306239 0.011478471 4.907046353 4.961362628 5.16295094
0.108743409 0.012082601 5.437170475 5.221485098 5.720694016
0.11418058 0.012686731 5.994480448 5.481453565 6.307033575
0.131159814 0.01399038 7.213789774 6.553194511 7.643246008
0.16226095 0.019538923 10.95261415 8.097032393 11.60938666
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Absolute Deflection at Q (mm)

Bending Stress at R (Mpa)

2.980212376 495
3.35631726 495
3.752512854 495
4.169819108 495
4.609136198 495
5.071255596 495
5.556871164 495
6.066589868 495
6.60094186 495
7.160389761 495
7.745337091 495
8.356135811 495

10.06794755

542.7631579

14.15414399

581.3148789
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A.2 Hobby Motors Selection Spreadsheet

Quick motor calculations

*Choosing motors using a maximum current draw of 30A from motor controller

RotorStar Turnigy Turnigy Turnigy

Brushless - |GFORCE G180 Alien 6374 Aerodrive SK3 - 9235-100KV Aerodrive SK3 -|  Aerodrive SK3 -| umigy G160

Outrunner BRUSHLESS Outrunner . . Brushless

. 6374-192kv Turnigy Multistar 5065-236kv 5065-320kv

Helicopter - - |OUTRUNNER brushless Brushless Brushless Multi- Brushless Brushless Outrunner

4962-480kv |MOTOR (C6374-  [motor 170KV o:w Rt Mot ont ont 290kv (160

(700/.90 size |200KV) 3200W uirunner otor Motor utrunner uirunner Glow)

. Motor Motor Motor

heli)
Motor Voltage [V] 44.4 37 37 44.4 44.4 37 37 37
Motor Power [W] 2700 1100 1100 1300 1300 1100 1100 1100
Kv [rpm/V] 480 200 170 192 100 236 320 290
Motor Current [A] 60.8 29.7 29.7 29.3 29.3 29.7 29.7 29.7
Kv [rad/Volt-sec] 50.265 20.944 17.802 20.106 10.472 24.714 33.510 30.369
Ke [N-m/Amp] = 1/Kv 0.020 0.048 0.056 0.050 0.095 0.040 0.030 0.033
No-load Speed [RPM] 21312 7400 6290 8524.8 4440 8732 11840 10730
Torque [Nm] 1.210 1.419 1.670 1.456 2.796 1.203 0.887 0.979
Gear Ratio: [] 50
Torque * Gear Ratio [Nm] 60.490 70.975 83.499 72.812 139.798 60.148 44.359 48.948
Speed after gear ratio [rpm] 426.24 148 125.8 170.496 88.8 174.64 236.8 214.6
Price $84.70 $85.00 £ 65.00 $79.96 $167.18 $56.86 $56.86 $75.83
Weight (g) 448 750 750 858 674 530 531 632
Diameter (mm) 49 62.8 59 92 49 49 63
In Stock Yes Yes Custom Yes Yes No No Yes
Torque to Weight (Nm/g) 0.00270 0.00189 0.00223 0.00170 0.00415 0.00227 0.00167 0.00155
Torque to Diameter (Nm/mm) 0.0247 0.0226 0.0247 0.0304 0.0246 0.0181 0.0155
Volume (mm*2) 3038 5074 3496
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4108-
RotorStar Turnigy ZHZ vﬁon Multistar A MWMO_A./\ 4 MJMWMM% Zm_:mw«:
KEDA 63-64 Brushless Acrodrive SK3 - Drive Series | 2206- ZEU%E Turnigy Z.ES Pdw Zw_ﬁ_mﬁn Multistar 22 Elite 3508-
190KV Outrunner 5055-280kv 28-26A 2150KV Elite 5010- Multistar Drive Series | Elite 5010- Pole 268KV
Brushless Helicopter - Brushless 1200kv / 3~48 320w 274KV Brushless 35-42A 274KV Brushless High
Outrunner 10S 4956-520kv Outrunner 286w (short | FPV Racing| Multi-Rotor Multi-Rotor 1250Kv Multi-Rotor Multi-Rotor Voltage
2000W (600/.50 size shaft Motor "The Motor 600W Motor . Endurance
heli) Motor version) Baby Beast" Motors Set Motor With Motor
(2 pes) Extra Long
Leads
37 44.4 37 14.8 14.8 29.6 22.2 15 29.6 14.4 29.6 32
1100 2200 1100 286 320 630 650 450 630 380 400 330
190 520 280 1200 2150 274 230 1250 274 480 400 268
29.7 49.5 29.7 19.3 21.6 21.3 29.3 30.0 21.3 26.4 13.5 10.3
19.897 54.454 29.322 125.664 225.147 28.693 24.086 130.900 28.693 50.265 41.888 28.065
0.050 0.018 0.034 0.008 0.004 0.035 0.042 0.008 0.035 0.020 0.024 0.036
7030 23088 10360 17760 31820 8110.4 5106 18750 8110.4 6912 11840 8576
1.494 0.910 1.014 0.154 0.096 0.742 1.216 0.229 0.742 0.525 0.323 0.367
74.710 45.496 50.696 7.689 4.802 37.089 60.782 11.459 37.089 26.250 16.131 18.373
140.6 461.76 207.2 355.2 636.4 162.208 102.12 375 162.208 138.24 236.8 171.52
$44.52 $75.62 $49.23 $172.09 $55.02 $31.86 $39.99 $39.99
670 394 369 322 211 111 163 163
63 49 49 63 58 27 59 59
Yes Yes No Yes Yes Yes Yes Yes
0.00223 0.00231 0.00275 0.00378 0.00352 0.00473 0.00198 0.00225
0.0237 0.0186 0.0207 0.0193 0.0128 0.0194 0.0055 0.0062
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Mystery
Brushless
Motor
5010-400
Kv
26.1 14.8
400 265
475 400
15.3 17.9
49.742 41.888
0.020 0.024
12397.5 5920
0.308 0.427
15.405 21.373
247.95 118.4
$39.99 $39.99
163 163
59 59
Yes Yes
0.00189 0.00262
0.0052 0.0072




102 Chapter A. Spreadsheets

A.3 Ball Screw Selection Spreadsheet



A.3. Ball Screw Selection Spreadsheet

Ball Screw Pre-gearing No Gearing [1:1.25 geared |1:1.5 geared [1:2 geared |1:2.5 geared |1:3 geared |1:3.5 geared |1:4 geared
Rotational Speed (rpm) 16500 13200 11000 8250 6600 5500 4714 4125
Linear displacement (m/s) 1.1000 0.8800 0.7333 0.5500| 0.4400| 0.3667| 0.3143] 0.2750)
Linear Force (N) 2286.0| 2857.5 3429.0| 4572.0| 5715.0 6858.0| 8001.0| 9144.1

Peak Velocity (rad/s)

Lever arm length (m) No Gearing [1:1.25 geared |1:1.5 geared [1:2 geared |1:2.5 geared |1:3 geared |1:3.5 geared |1:4 geared
0.02] 55.00| 44.00 36.67 27.50 22.00 18.33| 15.71 13.75]
0.021] 52.38 41.90 34.92 26.19 20.95 17.46| 14.97| 13.10|
0.022) 50.00 40.00 33.33 25.00 20.00 16.67| 14.29 12.50|
0.023 47.83 38.26 31.88| 23.91 19.13 15.94 13.66) 11.96
0.024 45.83 36.67 30.56 22.92 18.33 15.28| 13.10 11.46
0.025) 44.00| 35.20 29.33 22.00 17.60| 14.67| 12.57, 11.00|
0.026 42.31 33.85 28.21 21.15 16.92| 14.10| 12.09 10.58|
0.027I 40.74 32.59 27.16| 20.37| 16.30 13.58| 11.64 10.19|
0.028| 39.29 3143 26.19 19.64 15.71] 13.10| 11.22 9.82
0.029| 37.93 30.34 25.29 18.97| 15.17| 12.64 10.84 9.48|
0.03, 36.67, 29.33 24.44 18.33| 14.67| 12.22] 10.48 9.17
0.031 35.48 28.39 23.66| 17.74] 14.19 11.83| 10.14 8.87|
0.032 34.38 27.50 22.92 17.19| 13.75| 11.46 9.82 8.59
0.033 33.33 26.67 22.22 16.67| 13.33 11.11| 9.52 8.33
0.034 32.35 25.88 21.57 16.18| 12.94 10.78| 9.24 8.09
0.035) 31.43 25.14 20.95 15.71] 12.57, 10.48| 8.98 7.86
0.036 30.56 24.44 20.37, 15.28| 12.22 10.19| 8.73 7.64
0.037| 29.73 23.78 19.82] 14.86 11.89 9.91 8.49 7.43
0.038 28.95 23.16 19.30) 14.47, 11.58 9.65 8.27 7.24|
0.039 28.21 22.56 18.80| 14.10| 11.28 9.40 8.06 7.05|
0.04 27.50 22.00 18.33| 13.75| 11.00 9.17 7.86 6.88|
0.041 26.83 21.46 17.89| 13.41 10.73 8.94 7.67 6.71|
0.042 26.19 20.95 17.46 13.10 10.48 8.73 7.48 6.55
0.043) 25.58 20.47 17.05| 12.79| 10.23 8.53 7.31 6.40|
0.044 25.00 20.00 16.67| 12.50 10.00 8.33 7.14 6.25)
0.045) 24.44 19.56 16.30) 12.22] 9.78 8.15 6.98 6.11
0.046 23.91 19.13 15.94 11.96 9.57 7.97 6.83 5.98
0.047| 23.40 18.72 15.60| 11.70| 9.36 7.80 6.69 5.85
0.048| 22.92 18.33 15.28| 11.46 9.17 7.64 6.55 5.73
0.049| 22.45 17.96 14.97| 11.22] 8.98 7.48| 6.41 5.61
0.05 22.00| 17.60 14.67| 11.00| 8.80 7.33] 6.29 5.50
0.051 21.57 17.25 14.38| 10.78| 8.63 7.19] 6.16 5.39
0.052) 21.15 16.92 14.10| 10.58| 8.46 7.05 6.04 5.29
0.053 20.75) 16.60) 13.84 10.38| 8.30 6.92 5.93 5.19
0.054 20.37| 16.30 13.58| 10.19| 8.15 6.79 5.82 5.09|
0.055) 20.00 16.00 13.33| 10.00| 8.00 6.67 5.71 5.00
0.056 19.64 15.71 13.10| 9.82 7.86 6.55 5.61 4.91
0.057I 19.30 15.44 12.87| 9.65 7.72 6.43 5.51 4.82
0.058| 18.97| 15.17 12.64 9.48 7.59 6.32 5.42 4.74
0.059| 18.64 14.92 12.43| 9.32] 7.46 6.21] 5.33 4.66
0.0GI 18.33| 14.67 12.22] 9.17| 7.33 6.11] 5.24] 4.58|

Peak Torque (Nm)

Lever arm length (m) No Gearing [1:1.25 geared |1:1.5 geared [1:2 geared |1:2.5 geared |1:3 geared |1:3.5 geared |1:4 geared
0.02 45.72 57.15 68.58 91.44 114.30 137.16| 160.02 182.88
0.021 48.01 60.01 72.01 96.01 120.02 144.02| 168.02 192.03
0.022) 50.29 62.87 75.44 100.58 125.73 150.88 176.02 201.17|
0.023 52.58 65.72 78.87 105.16 131.45 157.73 184.02 210.31
0.024I 5486| 68.58 82.30 109.73 137.16 164.59 192.03 219.46
0.0ZSI 57.15 71.44 85.73 114.30 142.88 171.45 200.03| 228.60|
0.0ZGI 59.44 74.30 89.15 118.87 148.59 178.31 208.03| 237.75
0.027I 61.72 77.15 92.58 123.44 154.31 185.17 216.03| 246.89
0.028| 64.01 80.01 96.01 128.02 160.02 192.03 224.03 256.03
0.029I 66.29 82.87 99.44 132.59 165.74 198.88 232.03 265.18
0.03, 68.58 85.73 102.87 137.16 171.45 205.74 240.03 274.32|
0.031 70.87 88.58 106.30 141.73 177.17 212.60| 248.03| 283.47|
0.032 73.15 91.44 109.73 146.30| 182.88 219.46 256.03| 292.61
0.033 75.44 94.30 113.16 150.88| 188.60 226.32 264.03| 301.75|
0.034I 77.72 97.16 116.59 155.45| 194.31 233.17 272.04 310.90|
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0.035I 80.01] 100.01 120.02 160.02 200.03 240.03 280.04, 320.04|
0.036I 82.30 102.87 123.44 164.59 205.74 246.89 288.04| 329.19|
0.037' 84.58| 105.73 126.87 169.17 211.46| 253.75 296.04, 338.33
0.038I 86.87| 108.59 130.30 173.74 217.17] 260.61 304.04, 347.47
0.039 89.15| 111.44 133.73 178.31 222.89] 267.46 312.04, 356.62

0.04} 91.44] 114.30 137.16 182.88 228.60| 274.32 320.04, 365.76
0.041 93.73| 117.16 140.59 187.45 234.32] 281.18 328.04, 374.91
0.042] 96.01] 120.02 144.02 192.03 240.03 288.04 336.04, 384.05
0.043 98.30| 122.87 147.45 196.60 245.75 294.90 344.05 393.19|
0.044 100.58 125.73 150.88 201.17 251.46| 301.75 352.05 402.34'
0.045) 102.87 128.59 154.31 205.74 257.18 308.61 360.05 411.48|
0.046 105.16 131.45 157.73 210.31 262.89| 315.47 368.05 420.63
0.047 107.44 134.30 161.16 214.89 268.61 322.33 376.05 429.77
0.048 109.73 137.16 164.59 219.46 274.32] 329.19 384.05 438.91
0.049 112.01 140.02 168.02 224.03 280.04 336.04 392.05 448.06

0.05 114.30 142.88 171.45 228.60| 285.75 342.90 400.05 457.20|
0.051 116.59 145.73 174.88 233.17 291.47| 349.76 408.05 466.35
0.052f 118.87 148.59 178.31 237.75 297.18] 356.62 416.05 475.49'
0.053 121.16 151.45 181.74 242.32 302.90) 363.48 424.06 484.63'
0.054 123.44 154.31 185.17 246.89 308.61 370.33 432.06 493.78
0.055 125.73 157.16 188.60 251.46 314.33 377.19 440.06 502.92
0.056 128.02 160.02 192.03 256.03 320.04 384.05 448.06 512.07
0.057I 130.30 162.88 195.45 260.61 325.76) 390.91 456.06 521.21
0.058I 132.59 165.74 198.88 265.18 331.47] 397.77 464.06 530.36
0.059I 134.87 168.59 202.31 269.75 337.19] 404.62, 472.06 539.50

0.06| 137.16 171.45 205.74 274.32 342.90| 411.48 480.06 548.64
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B.1. 0.447 m/s (1 mph) Walking Gait

B.1
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0.447 m/s (1 mph) Walking Gait
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Figure B.1: Top: Knee pitch angle vs. gait percent. Bottom: Ankle pitch angle vs. gait
percent
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B.2 0.67m/s (1.5 mph) Walking Gait with Mode Tran-

sitions

Mode 4
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Figure B.3: Top: Knee pitch angle vs. gait percent. Bottom: Knee joint moment vs. gait
percent. The transitions are given by the vertical black lines and indicate when each gait
mode was entered.
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Figure B.4: Top: Ankle pitch angle vs. gait percent. Bottom: Ankle joint moment vs.
gait percent. The transitions are given by the vertical black lines and indicate when each
gait mode was entered.
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