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Abstract

Design of a Hybrid Passive-Active Prosthesis for Above-Knee Amputees

by

Bram G. A. Lambrecht

Doctor of Philosophy in Engineering — Mechanical Engineering

University of California, Berkeley

Professor H. Kazerooni, Chair

Every year, tens of thousands of people in the United States alone require an above-knee
leg amputation. These amputees require a prosthetic leg to regain mobility and to im-
prove quality of life. Current prosthetic knees range from simple hinges to sophisticated
computer controlled hydraulic dampers. Despite the advances in technology, above-knee
amputees still show significant deficiencies in their walking patterns, walking speed, and en-
ergy consumption. Also, without a compact energy source and small, high power actuators,
current prostheses prohibit ascending stairs step over step, and provide no assistance when
standing up. Development in powered prosthetic knees has mostly focused on the control,
with little emphasis on creating an efficient, low energy consumption, untethered device.
This thesis presents the first energetically autonomous hydraulically powered pros-
thetic knee. The primary innovation of the knee is a hybrid design with two separate hy-

draulic modes of operation: an active mode driven by a pump, and a passive mode controlled



by a variable position valve. The electrohydraulic design combines the safety, comfort, and
versatility of a state of the art microprocessor controlled hydraulic knee with three new ben-
efits. First, by pumping fluid into the hydraulic cylinder, the necessary knee angle during
the swing phase of walking to clear obstacles in the path of the foot is achieved. Second,
adding power at the knee reduces hip torque required to swing the leg forward. Third, the
power added at the knee helps lift the amputee’s body weight, allowing the step over step
ascent of ramps and stairs. These benefits should reduce back and hip pain, and should

improve mobility to afford the amputee a healthier life.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Amputation Statistics

Today, there are approximately 1.7 million people living with an amputated limb in
the United States, with 185,000 new amputations per year. Currently, 54% of amputees lost
a limb due to complications of the vascular system. About 70% of those dysvascular ampu-
tations result from diabetes. Dysvascular amputations are expected to increase to 63% of all
amputations by 2050, contributing to an expected 3.6 million living amputees by that year.
About 1% of amputations are due to cancer, while the remainder are due to trauma. [43]
From 1988-1996, 97% of dysvascular amputations were on the lower limb. Transfemoral,

i.e., above-knee, surgeries contributed to 22.4% of all amputations, over 30,000 per year. [14]

Although most amputations are caused by dysvascular conditions, traumatic am-

putees without preexisting comorbidities may show the greatest potential for returning to



pre-amputation quality of life. There is no shortage of traumatic amputees, especially in
conflict zones. Bulletproof vests may save lives, but they leave soldiers’ limbs vulnerable to
improvised explosive devices. Although the Iraq war has seen the lowest rate of mortality
of U.S. troops of any war in U.S. history, the rate of limb amputations is twice the rate of
past wars [27]. Operation Iraqi Freedom and Operation Enduring Freedom have left 30,568

injured veterans, 877 of whom lost a major limb [15].

1.1.2 Improving Amputee Quality of Life through Prosthetics

The desire of amputees to return to healthy locomotion has created a diverse
market of prosthetic components [12]. For a transfemoral amputee, a complete prosthesis
comprises a socket custom fit to the residual limb, a prosthetic knee unit, a shank link
connecting the knee to a prosthetic ankle, and a prosthetic foot.

Daily prosthesis usage time is important to satisfaction and quality of life [10].
A healthy amount of exercise reduces the risk of adverse effects due to prolonged immo-
bilization, such as contractures, pressure ulcers, and damage to nerves and blood vessels.
The Veteran’s Administration recommends improving mobility and ambulation, including
increased walking distance, more hours wearing the prosthesis, and regaining the ability to

ascend and descend stairs [4].

1.2 Limitations of Current Prostheses

The technology of prosthetic ankles and energy storing feet has progressed to

the point where track and field’s world governing body almost banned an amputee from



running in the summer Olympic games [32]. However, transfemoral amputees have yet to
reap such benefits. Without a biological knee, they walk slower and consume more energy

than non-amputees [37].

While current prosthetic knee technology allows amputees to avoid the pitfalls of
wheelchair use, it does not return full mobility. Without a compact energy source and
small, high power actuators, prosthetic knees prohibit ascending stairs step over step, and
provide no assistance when standing up. Development in powered prosthetic knees has
mostly focused on the control, with little emphasis on creating an efficient, low energy

consumption, untethered device.

1.3 Major Contributions and Outline of the Thesis

The thesis presents the development of technology which enables the construction
of a hybrid passive/active prosthetic knee. This electrohydraulic design combines the safety,
comfort, and versatility of a state of the art microprocessor controlled hydraulic knee with
three new benefits. First, by pumping fluid into the hydraulic cylinder, the necessary
knee angle during the swing phase of walking to clear obstacles in the path of the foot is
achieved. Second, adding power at the knee reduces hip torque required to swing the leg
forward. Third, the power added at the knee helps lift the amputee’s body weight, allowing
the step over step ascent of ramps and stairs. These benefits should reduce back and hip
pain, and should improve mobility to afford the amputee a healthier life. The primary

unique innovation of the hybrid knee is the combination of two separate hydraulic modes of



operation: an active mode driven by a pump, and a passive mode controlled by a variable

position valve.

Chapter 1 introduces the motivation for the development of the hybrid passive/active

prosthetic knee.

Chapter 2 describes the biomechanics of human walking, the strategies employed by ex-
isting prosthetic solutions to mimic the lost biological function, and the limitations of

existing technology.

Chapter 3 suggests many novel embodiments for the hydraulic circuit of a knee with both

passive and active modes of operation.

Chapter 4 describes the modeling of the knee performance requirements in the pursuit of
a suitable drive motor. The motor couples to a compact hydraulic manifold with an

integrated actuator and unique control valve to realize the selected hydraulic circuit.

Chapter 5 briefly presents the control strategy and enumerates the sensory information
required to implement the control. One of these sensors is a novel force transducer

that isolates and measures a shear force and torsional moment.

Chapter 6 explains how the completed prosthesis has been successfully tested and pro-

poses protocols for more extensive evaluation.

Chapter 7 summarizes the contributions of the thesis and discusses opportunities for fu-

ture work.



Chapter 2

Background

The objective of a prosthesis is to replace the function of the lost limb. As legs are
primarily used for locomotion, the design process of a prosthetic knee requires a complete
understanding of the human biomechanics of walking. Fortunately, the specific motions of
the limbs have been widely collected for a variety of common tasks, including walking and
ascent and descent of ramps and stairs. Typical clinical gait analysis (CGA) involves video
examination of markers on the body to yield joint angles. This kinematic data is combined
with force plates or accelerometer measurements in a model of the limbs to estimate joint

torques.

2.1 Biomechanics Vocabulary

We define the movement of the limbs during walking relative to three reference
planes (Fig. 2.1). The legs swing primarily in the sagittal plane, parallel to the direction of

walking. The coronal plane lies perpendicular to the direction of walking, and the transverse



/coronal plane

transverse plane

Figure 2.1: Human body motions are
L defined in reference to three refer-
Jsagittal plane ence planes: sagittal, coronal, and
transverse.

plane lies parallel to the ground. The knee moves in flexion and extension directions within
the sagittal plane. When the knee is fully extended, the leg is straight and the angle between
shank and thigh is zero. As the knee flexes, the angle between the thigh and shank increases,
shortening the overall length of the leg. While standing straight, the angle between hip and
vertical is zero. As the hip extends the leg behind the body, the angle increases. The hip
flexes to swing the leg forward with decreasing hip angle. The hip joint also moves in the
coronal plane. It abducts away from the body and adducts towards the contralateral leg.

(Fig. 2.2)

Walking is a cyclic motion where each stride is nearly indistinguishable from the
last. In this discussion, the stride cycle begins and ends with the heel strike of the right
leg. The motion of each leg may be split into two broad phases: a stance phase while the
foot of the leg is on the ground and supporting the weight of the body, and a swing phase

while the foot is in the air.
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Figure 2.2: Directions of motion of the knee and hip in the sagittal plane (flexion and
extension) and hip (abduction and adduction) and pelvis (obliquity) in the coronal
plane . Adapted from [25].
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2.2 A Normal Gait Cycle

Fig. 2.3 illustrates a single stride of the gait cycle. The stride begins with the heel
strike of the right leg, initiating right leg stance. During the first 12% of the stride, the
weight of the body transfers from the left leg to the right leg as the right hip extends until
the left toe leaves the ground. The right leg vaults the center of mass of the body over
the stance foot. Halfway through the stride cycle, the left heel strikes the ground. During
double support, the body weight is transferred from the right leg to the left leg. At 62% of
the stride, the right foot leaves the ground and the right hip flexes to swing the right leg
forward for the remainder of the stride. As walking speed increases, the percentage of the

stride cycle spent in double support decreases.

The simplest model of walking comprises two straight legs moving in the sagittal

plane only. This leads the center of mass of the body to move in an arc, highest during the
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Figure 2.3: A single stride of the human walking cycle, beginning and ending with
heel strike. Adapted from [39].

mid stance when the leg is vertical, and lowest at heel strike and toe off. During healthy
walking, the human body employs several mechanisms to minimize the height of that arc,
and hence the change in potential energy. First, the pelvis rotates in the transverse plane
to reduce the extension and flexion angles of the hip for the same stride length. Second,
the pelvis rotates in the coronal plane (Fig. 2.2), leaning downward on the swing leg side
to lower the center of mass of the body during mid stance. This negative pelvic obliquity
requires the knee to flex so that the foot of the swing leg does not hit the ground as it swings
forward. Third, the knee of the stance leg flexes slightly during mid stance to further lower
the center of mass of the body. The ankle also moves in the sagittal plane to increase the
effective length of the leg at early and late stance, and to reduce the effective length of the
leg during swing for better ground clearance. All of these motions work in concert to flatten

the arc of the center of mass of the body during each stride.
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Figure 2.4: A complete prosthetic leg

for a transfemoral amputee comprises
a thigh socket, knee joint, ankle, and
foot. A cosmetic cover is often fitted
} foot over the prosthesis to mimic the shape
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2.3 Energetically Passive Prosthetic Knees

Accident, disease, or trauma may require the surgical removal of the foot, ankle,
shank, knee, and part of the thigh. After rehabilitation, a transfemoral amputee has some
control over the residual limb. To improve the quality of life to the amputee, a prosthetic
leg must be fitted, comprising a custom fitted socket to the residual thigh, a knee joint, an
ankle, a foot, and connecting components (Fig. 2.4). A successful prosthetic knee should
mimic the behavior of the biological knee.

Fig. 2.5 shows the knee angle, torque, and power during one stride of normal
level walking for a typical able-bodied subject [23]. As discussed in section 2.2, the initial
flexion and extension of the knee keeps the center of mass of the body relatively level
vertically over the stance leg. During the stance phase before toe-off, relatively low power

is required because the knee angle changes slowly. The flexion and extension that follows
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Figure 2.5: Knee angle, torque, and
power during one cycle of level walk-
ing for a typical normal subject [23].
Net power during swing phase is neg-
ative, so energetically passive prosthe-
ses dominate the market. However,
as shown in the shaded areas, positive
work is required to initiate flexion dur-
ing terminal stance and to initiate ex-
tension during swing for a completely
natural gait.
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toe-off provides for ground clearance of the swing foot. During the swing phase, the knee

is predominately energetically dissipative; the average power is negative [39].

Because the knee primarily acts as a spring or damper during level ground walking,
energetically passive devices historically dominate the design of above-knee prostheses. such
a prosthetic knee must provide high stiffness to prevent rotation during stance to the support
the body weight of the subject. At toe off, this stiffness must be reduced to allow the leg

to swing smoothly forward in preparation for the next heel strike.

Commercially available prosthetic knees range from simple purely mechanical de-
vices to sophisticated microprocessor controlled systems. Typically, mechanical knees trade
increased mobility for decreased stability. It is up to the prosthetist to find a suitable
balance for the individual amputee’s muscular coordination. [9] Fig. 2.6 conceptually illus-
trates several approaches to a purely mechanical prosthetic knee. Further discussion of the

different types of knee prostheses may be found in [1, 2].

2.3.1 Single Axis Knees

The most basic prosthetic knee comprises a single pivot between the thigh socket
and shank. Typically, the pivot will be located posterior of the load path through the leg
during stance. Thus, as long as the leg is straight at heel strike, the knee will not buckle
during stance. The amputee may need to exert more hip extension torque to keep the knee

over center during mid to late stance.
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LY

single axis locking stance polycentric pneumatic/
(cable release) control hydraulic

Figure 2.6: Purely mechanical prosthetic knees may include characteristics from one
or more of the illustrated types of knees: single axis knees bend freely, locking knees
are kept straight during walking, stance control knees self-lock at any angle when
loaded, polycentric knees implement a moving center of rotation, and pneumatic or
hydraulic knees adjust swing and stance flexion rates.

2.3.2 Locking Knees

A locking knee is kept straight during walking, and usually incorporates a lever
or cable release to allow the knee to bend for sitting. Locking knees are fitted when the
amputee lacks the hip control required to stabilize a bending knee. [3] The locking knee
leads to an inefficient stiff legged gait, no better than a pegleg. However, there is no chance

of the knee buckling and causing the amputee to fall.

2.3.3 Stance Control Knees

Stance control knees are single axis knees which self-lock by means of a friction
brake. When properly loaded with the amputee’s body weight during stance, the friction
brake engages, preventing the knee from buckling. When the load is removed, the brake

disengages, and the shank swings freely. Although the knee improves safety compared to a
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single axis knee by locking at a range of angles, it does not allow knee flexion in terminal

stance to initiate swing until the knee is fully unloaded.

2.3.4 Polycentric Knees

Polycentric knees incorporate a four bar mechanism moving in the sagittal plane
to realize a moving center of rotation. Thus, near the straight position of the knee, the
effective pivot lies well posterior of the load path for safe early stance loading. During
terminal stance, the polycentric knee buckles easily to initiate swing. However, a simple
polycentric knee with no weight activated brake may still buckle if the leg is loaded with a

bent knee.

2.3.5 Pneumatic and Hydraulic Knees

Single axis knees, stance control knees, and polycentric knees allow the shank to
swing freely regardless of walking speed or stride length. If the amputee walks faster, the
knee joint may flex too far, or crash uncomfortably into the hard stops during extension.
Many prosthetic knee designs incorporate a pneumatic or hydraulic cylinder in a single axis
or polycentric knee design. Typically, such a cylinder contains valves which restrict the fluid
flow between the two sides of the cylinder. These valves are adjustable, allowing the pros-
thetist or amputee to adjust the free swing flexion and extension impedances individually
for comfortable walking at the preferred speed.

Some pneumatic and hydraulic knees, also incorporate a weight-activated valve
to create high impedance during stance. The Otto Bock 3R80 Mechanical Knee Joint [36]

comprises a hydraulic chamber partitioned by a rotary vane. Fluid passages connect the
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> Figure 2.7: The Endolite IP incorpo-
stepper controlled rates pneumatic swing phase control
pneumatic valve by means of a stepper controlled nee-

dle valve [41].

two sides of the chamber. A spring loaded plunger interrupts the passage through which
fluid flows during flexion. When the leg is loaded, the plunger restricts flow to prevent knee
buckling during stance. As the leg is unloaded, the plunger retracts to allow terminal stance

flexion to initiate the swing phase.

2.3.6 Microprocessor Knees

Even sophisticated mechanically actuated hydraulic knees like the 3R80 cannot
adapt to the full range of walking speeds. Walking quickly with small steps, such as while
pushing a shopping cart, requires different flexion and extension impedances than walking
at the same speed with longer steps. Other activities, such as walking down stairs or ramps
are particularly difficult. During stair descent, the knee must buckle during stance in a safe,

predictable manner, but stance controlled knees do not allow any flexion during stance.

The state of the art commercially available prosthetic knees interpret angle and
load sensors with an on board microprocessor to adapt dynamically to changing gait. A
servo controlled valve adjusts flexion and extension impedance. Some microprocessor con-
trolled knees adjust only swing phase impedance, while others modulate both stance and

swing.
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servo controlled

hydraulic valve Figure 2.8: The Endolite Adaptive
controls stance phase and late swing
phase hydraulically while the piston

solenoid valve

S engages the narrow portion of the

stepper controlled cylinder, and controls early and mid

pneumatic valve - swing pneumatically like the Endolite
IP [42].

Endolite IP

The Endolite Intelligent Prosthesis (IP) combines weight activated stance control
with pneumatically controlled swing phase impedance. A stepper motor adjusts a needle
valve connected to the pneumatic cylinder to adjust fluid damping and spring rate.[41] The
pneumatic circuit is illustrated in Fig. 2.7. A hand held remote control selects between slow,
normal, and fast walking speeds. Sensors monitor the amputee’s walking speed and cadence
to adjust between five different levels of damping in the pneumatic cylinder to transition

smoothly between the selected walking speeds. [9]

Endolite Adaptive

The Endolite Adaptive knee [42] improves on the IP by controlling stance impedance
as well as swing. As illustrated in Fig. 2.8, it comprises hydraulic and pneumatic cylinders
which share a common rod. The hydraulic cylinder increases diameter when the knee flexes
past 30°, allowing fluid to flow freely around the cylinder. Thus, the hydraulic cylinder
dominates the behavior of the knee during stance. A servo controlled valve in the flexion

path of the hydraulic cylinder modulates the flexion resistance during terminal stance, and
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Figure 2.9: A single servo controlled
valve adjusts hydraulic impedance in
both flexion and extension directions

servo controlled

hydraulic valve |

| in the Otto Bock C-Leg [21]. This hy-
draulic schematic is realized inside the
L piston of the C-Leg.

a solenoid valve locks the knee at heel strike. The extension path of the hydraulic cylinder
has a fixed small impedance to slow the leg in terminal swing. The pneumatic cylinder
dominates swing phase impedance. Like the IP, a stepper motor controlled needle valve
adjusts the spring rate of the pneumatic cylinder.

The Adaptive knee ascertains the amputee gait by measuring the piston position
inside the hydraulic cylinder to determine knee angle and by measuring stance load through
a force sensing resistor in the knee joint. Only the heel strike solenoid needs to move at
every step. The servo valves only need to adjust stance and swing impedance when the gait

changes.

Otto Bock C-Leg

The Otto Bock C-Leg employs a hydraulic cylinder with a single servo controlled
valve that adjusts both flexion and extension resistances dynamically during each stride
(Fig. 2.9). Different valve positions allow both passages to be completely blocked, flexion
blocked with adjustable extension impedance, flexion impeded with free extension, free
flexion and extension, free flexion with impeded extension, or impeded flexion with blocked

extension. Thus, the valve can adjust for the desired impedance for heel strike, stance
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flexion, swing flexion, and swing extension at different speeds and for different activities.
The C-Leg interprets sensor inputs from a knee angle sensor and a multi-axis load sensor

near the ankle in the shank. [21]

Ossur RheoKnee

Like the C-Leg, Ossur’s RheoKnee [19] continually monitors knee angle and load
sensors to determine the amputee gait. However, it uses neither pneumatic nor traditional
hydraulic cylinders to create stance and swing impedance. Instead, several plates rotate
with the knee joint through a magnetorheological fluid. When the fluid is subjected to
a magnetic field, micrometer sized magnetic particles suspended in the fluid form chains
which restrict the movement of the fluid. By controlling the magnetic field, and hence the
apparent viscosity of the fluid, the desired impedance is achieved. Unlike the C-Leg, the
RheoKnee contains all of the load sensors inside the knee unit, reducing the possibility of

erroneous signals due to misalignment of the shank pylon.

2.4 Transfemoral Amputee Gait Deficiencies

Analysis of the gait of transfemoral amputees with currently available knee pros-

theses shows several deficiencies, including:

e asymmetry between the motions of the prosthetic leg and intact leg,

e reduced walking speed,

e increased energy expenditure,
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Figure 2.10: Graphs illustrating amputee hip motion on the prosthetic side during
one stride. Compared to a normal gait, the amputee shows more hip abduction
for a wider stance, and positive instead of negative pelvic obliquity during swing,
indicating hip-hike. Adapted from [34].

e and increased motion of the hips and body center of mass.

Transfemoral amputee gait is asymmetric. Amputees tend to walk with a reduced stance
time on the prosthetic leg compared to the intact leg, and with an increased stride length
on the prosthetic leg, possibly to ensure that the knee will load properly to engage stance
control at heel strike [13]. Transfemoral amputees walk 35% to 55% slower than normal
subjects, and 20% to 26% slower than transtibial amputees, while consuming greater energy
per step [37]. The increased energy expenditure is correlated to an increase in motion of the
center of mass of the body [13]. Several factors contribute to the excessive motion of the
body center of mass. First, hip muscle activity as measured by electromyography (EMG)
is greater than normal subjects [5]. The hips also show abnormal movement (Fig. 2.10).
Instead of negative pelvic obliquity towards the swing leg, amputee gait shows positive

obliquity, indicating hip-hiking as an attempt to improve foot clearance during swing [34].
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In the coronal plane, hip abduction is increased on the amputated side [34], possibly because
of the reduced mass of the prosthetic limb compared to a biological leg.

Research shows that microprocessor knees improve gait. Sensor input means that
terminal stance can be identified early, so swing phase flexion can be initiated more easily
[33]. Adapting flexion and extension impedance to increase swing phase speed improves
walking symmetry, walking speed, and comfort [7]. However, even though they improve
walking confidence, microprocessor knees like the C-Leg provide no energetic advantage over
completely passive prostheses [26]. Despite the sophistication of current knee prostheses,

the currently available technology does not leave the amputee with a healthy normal gait.

2.5 Powered Prosthetic Knee Development

Without the ability to inject power into the knee, an energetically passive device
cannot restore the full functionality of a biological knee for ascending inclines and stairs.
Passive devices must rely on hip motions and ground reaction forces to create flexion in the
knee during toe off to avoid foot contact during swing. Adding power to the system opens
up the possibility to improve gait symmetry, eliminate unwanted hip motions, and reduce
overall energy expenditure.

Although much work has been done on powered upper extremity prostheses [9],
the higher power and energy requirements of ambulation have limited commercial knee
prosthetics almost exclusively to energetically passive devices. Research on powered knee
prosthetics began in 1973, when Flowers suggested a knee mechanism tethered to a hydraulic

power supply [16]. Using Flowers’ test platform, Grimes et al. developed a controller which
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recorded the behavior of the intact leg on the previous step and played back that behavior
on the prosthetic limb [18]. Popovic et al. developed control strategies similar to echo

control [28, 29].

More recently, Sup et al. developed a tethered knee powered by a pneumatic
cylinder [35], while Klute et al. designed a tethered knee powered by pneumatic McKibben

artificial muscles [24].

Kapti et al. experimented with trajectory control, matching knee motion to a
pattern library of desired lower limb activities [22]. Borjian extended control based on
EMG signals, first developed for an energetically passive prosthesis by Horn in 1972 [20],
to a powered knee design [8]. Both knee designs incorporate an electric motor tethered to

a power supply which rotates a ball screw to flex or extend the shank.

The only untethered powered knee prosthesis is the Victhom Power Knee, sold by
Ossur. The Power Knee uses a ball screw mechanism to drive the knee in a preprogrammed
trajectory [6]. The knee consumes power during both stance and swing. As the Power
Knee is relatively new, no studies have yet shown any improvement in energy expenditure
over successful microprocessor knees. Like Flowers’ and Grimes’ early work, the Power
Knee takes cues from sensors on the intact limb to determine the desired activity of the
prosthetic leg, so it is limited to single amputees. Other factors have limited the commercial
success of the Power Knee: it is several times more expensive than the C-Leg; the ball screw
mechanism is loud enough to draw attention; the battery life is short enough that patients

typically turn the power functions off at every available opportunity; and it is so large that
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only men in the top 5 percentile in height can wear the device [40]. The length also

limits the choice of ankles and feet available to the patient.

2.6 A Novel Hybrid Approach

The hybrid active/passive prosthetic knee described in this thesis addresses the
observed deficiencies in transfemoral amputee gait by employing a powered swing phase and
passive stance phase during level ground walking. The hybrid knee expands on the proven
success of hydraulic microprocessor knees like the C-Leg. By powering the swing phase of
walking, the knee can initiate flexion earlier and increase swing speeds to match the intact
limb. Instead of relying exclusively on passive impedance or fully powered movement, the
hybrid design takes advantage of the benefits offered by both types of knees.

The inertia of the heavier shank propelled by the powered knee should reduce hip
flexion and extension moments. By matching the weight of a biological leg. the additional
weight of a powered prosthetic knee improves mass symmetry, which could reduce hip
abduction to normal levels and improve pelvic obliquity. Even without injected power,
amputees minimize adverse effects of added prosthetic mass on the mechanical work of
walking by conserving the work needed to propel the heavier limb [17].

Through a clever design combining a hydraulic pump and variable position valve,
we can create a compact, low power system while providing the benefits of an active device:
sufficient heel rise to reduce hip hike, reduced hip torque, and occasional stair climbing

assist.
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Chapter 3

Developing a Hydraulic Circuit

The hybrid active/passive knee combines the natural gait and enhanced mobility
achieved through powered knee movements with the proven safety, reliability, and energetic
efficiency of a hydraulically damped device. To realize such a knee, we invent several differ-
ent candidate hydraulic circuit schematics ((1)—(18) in Fig. 3.3-3.7). Section 3.1 describes
the required characteristics of a candidate circuit, section 3.2 lists the component elements
of such a circuit, and section 3.3 introduces and compares the performance of each of the
different designs. Section 3.4 explains why all of the circuit candidates use a double act-
ing, double rod cylinder, and section 3.5 explains why candidate (13) was selected for the

physical implementation.

3.1 Hybrid Knee Characteristics

The hydraulic schematic design of the knee must provide fluid paths for:

e powered flexion
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e powered extension

while maintaining:

e controlled flexion damping

e free extension

Powered flexion

To facilitate a natural gait, the hybrid knee powers flexion at toe off of the pros-
thetic limb. This creates the necessary heel rise so that the toe may clear the ground
effectively during the forward swing. This heel rise is especially important for walking up
inclines or stairs where there is an increased possibility of the toe catching or dragging on the
ground. Creating the heel rise through powered flexion eliminates the cause of “hip-hike”

during normal walking.

Powered extension

With the large knee angles created by powered flexion, it becomes necessary to
power extension during swing so that the knee may return to the straight position in time
for the next step cycle. Powering the knee extension reduces the hip power required to
swing the leg. This should reduce overall energy expenditure of the patient. Furthermore,
including fluid paths for powered extension provides the opportunity to power extension

during stance for assistance climbing inclines and stairs or rising from a seated position.



24

Flexion damping

To reduce the power requirements of the hybrid knee, the active mode of operation
is not used during normal flat ground stance. Instead, a computer controlled valve creates a
locked knee to absorb the impact forces at each heel strike and then relieves pressure slowly

to allow the knee to give slightly during mid- and late stance.

Free extension

If the knee is to have a completely passive mode of operation, when, for example,
remaining battery is limited, then it must provide a means to extend the knee with limited
resistance. In the passive mode of operation, the patient provides the means for extending
the knee through hip torque, as in a traditional passive knee. To keep the required hip

torques low, the knee must swing easily in the extension direction.

3.2 Circuit Elements

A candidate hydraulic circuit for the hybrid knee may comprise one or more of the

following hydraulic elements:

A hydraulic pump driven by an electric motor

A computer controlled variable resistance valve

e A one-way (check) valve

A fixed or manually adjustable restrictor valve

Ideally, these elements have the following impedance characteristics.
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Hydraulic pump

In passive operation, the pump has a greater-than-zero impedance in both direc-
tions. In a gear pump, the impedance will depend on the rotary inertia of the pump gears,
the motor rotor, and the transmission between the pump and motor, if any. In active op-
eration, the pump can provide a certain flow and pressure in either direction depending on

the motor specifications and battery power available.

Controllable valve

The valve may be a servo controlled valve whose impedance ranges between zero
(fully open) and infinity (fully closed) in both directions. If no intermediate impedances

are needed, a solenoid valve may also be used.

Check valve

A check valve provides zero impedance in one direction, and infinite impedance in

the other direction. In other words, it allows fluid flow in only one direction.

Restrictor valve

The restrictor valve provides a fixed impedance. It can be implemented as a
needle valve or some other design with a variable orifice. This may be adjusted differently

for different patients, but in general does not change during operation.
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Figure 3.1: A simple embodiment of a
passive hydraulic knee connects a micro-
processor controlled valve to the actua-
tor to adjust impedance during stance and
swing.

Figure 3.2: The simplest embodiment
of an active hydraulic knee connects the
pump directly to the actuator.

Figure 3.3: Placing a controllable valve
in series with the pump enables passive
impedance control while retaining active
modes of operation.



Figure 3.4: These candidate hydraulic
schematics for the hybrid knee allow both
active and passive modes of operation.
The first controllable valve is installed in
series with the hydraulic pump, but in
parallel with the fluid path used during
passive operation.

27
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3.3 Hydraulic Circuit Candidates

The simplest schematic for an active knee with an equal volume double-acting
actuator (such as a double-end cylinder or a rotary vane actuator) connects each end of the
actuator to each end of the pump (Fig. 3.2). While this circuit can provide powered flexion
and extension, it prohibits controlled flexion damping without driving the pump. Although
the motor may be able to provide some resistance, it is unlikely to be able to provide a
high enough impedance quickly enough to safely transition between knee extension and heel
strike. Inserting a controllable valve placed in series with the pump (Fig. 3.3) allows the
knee to be locked for heel strike, combining the functionality of a passive system (Fig. 3.1)
with an active system (Fig. 3.2). In this case, the total knee impedance during passive

operation in either the flexion or extension direction is:

Ztotal — gbump | Zvalve
0 < Z¥4e < 00, so (3.1)

Zpump < Ztotal < 00

The total impedance is limited at the lower end to be greater than or equal to the pump
impedance. This prohibits free extension. Thus, a candidate circuit meeting all of the

requirements of the hybrid knee must contain a fluid path parallel to the pump.

To include a fluid path parallel to the pump, a second controllable valve must be
added to the circuit (Fig. 3.4(2)). This second valve must be closed during active modes
of operation to ensure that fluid pushed by the pump enters the actuator instead of simply

circulating through the parallel path. In this schematic, the total knee impedance during
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passive operation in either the flexion or extension direction is:

-1
Ztotal — 1 + 1
Zpump | Zvalve Zvalve

first second

0< Z}’ff;’f <oo and 0< 2z <00, so

Secon,

0 S Ztotal < 0

Thus, free extension and controlled flexion are both attainable.

Adding elements to the basic schematic with a parallel path opens up control
possibilities. In the basic circuit, the second valve must remain closed while the pump is
operating, so there is no way to extend the leg faster than the pump can push, or to let
the leg extend ballistically without moving the valve. Adding a check valve in series with

the second valve (Fig. 3.4(3)) introduces that possibility. Now, in extension during passive

operation:
-1
1 1
Zz;icetgmsion = ( + (333‘)
l I
Zeme - el vl
and in flexion during passive operation:
Zfieaion = Zfiri + 200 (3.3b)

so free extension and controlled flexion remain. Furthermore, the second valve may remain
open during powered extension. This allows the hybrid knee to be used in active and passive
modes of operation during one extension of the knee without any additional power being
used to move valves. In this scenario, the pump provides power to initiate extension. The
pump may then turn off while fluid continues to flow through the check valve and second
controllable valve until extension is complete.

By introducing a check valve, the previous schematic also limits the minimum

flexion impedance during passive operation to ZP¥™P_ If ZP¥P ig large, then it becomes
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desirable to add another parallel fluid path with a third controllable valve (Fig. 3.4(4)).

Now, in passive operation:

-1
Ztotal _ 1 + 1 + 1
extension —
Zmn gzl "yl Zg

1

-1
Ztota,l‘ — 1 +
flezton =\ Zpump 4 Zyalve © Zyalve

Or, if a second check valve is included (Fig. 3.4(5)):

-1
1 1
total _
Ze;t(;nsion - (Zpump + Zvalve + Zvalve )

first second
—1
Ztotal' — 1 + 1
fleston ==\ zvump 1 Zyslie © Zylvs

(3.4a)

(3.4b)

(3.5a)

(3.5b)

Both these circuits provide independent control of flexion and extension impedance during

passive operation. Adding the second check valve additionally allows ballistic flexion after

initial flexion pumping without an interceding valve move.

Alternatively, if flexion and extension impedances remain relatively constant through-

out different modes of operation of the knee, the two check valve circuit may be implemented

with fixed restrictor valves and only two controllable valves (Fig. 3.4(6)). In passive opera-

tion,

-1
Ztot(ll ) _ 1 + 1
extension Zpump Zvalve Z’Ual'ued + Z]rcestrictor

first secon, irst

—1
Ztotal' _ 1 + 1
flexion — Zpump | Zvalve Zvalve  grestrictor

first second second

S0,

—1
1 1
total
< Zpump + grestrictor < Zegtension < X

first

—1
1 1
total
<Zpump + Zrestrictor) < Zfleaﬂion <0

second

(3.6a)

(3.6b)
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In all of the circuits with a parallel path to the pump, the first controllable valve
is shown in parallel with the parallel path. Alternatively, it may be installed in series with
the passive control passages and the pump (Fig. 3.5(7)). In the simplest case, the new total

impedance is:

1 1 \!
total l
ZAS Z;?rgte + <Zpump + Zvalve )
second

0< Z}’ngf <oo and 0<Z%% < oo, so (3.7)

SeECoN,

0 < Ztotal < 00

The range of achievable impedances remains the same. For the case with one check valve

(Fig. 3.5(8)):

1 1 -1
l l
222 on = 2325 + (s + ) (3.52)
second
Zge = Zje 4 zpeme (3.8b)

With a third controllable valve (Fig. 3.5(9)):

1 1 1 \!
Ztoial = vqlvf+< + + > (39&)
extension firs 7 pump Z;)ézclggd ZZ}&Z;Ide
1 1\ !
l [
2t = 2385 + s + ) (3.90)
T

With a third controllable valve and second check valve (Fig. 3.5(10)):

1 1!

l l

Zégi(énsion = }]zqr:te + (Zpump + Zvalve ) (310&)
second

-1
Ztotal _ valve+ 1 + 1 (3 ]_Ob)
flexion — “ first Zpump Ztv}?'lvj .

ir

And with two controllable valves and two restrictor valves (Fig. 3.5(11)):

-1
1 1
total _ l
Zegtcénswn - Z})?Tgte T <Zpump - Zvalve + Zrestm'ctor) (3'113‘)

second first

1 1 !
total _ l
thl)e[;ion - ;grgte + <Zpump + Zvalved + Zrestrictor) (311b)

secon second
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(11)

Figure 3.5: These candidate hydraulic
schematics for the hybrid knee also al-
low active and passive modes of opera-
tion. The first controllable valve is in-
stalled in series with both the hydraulic
pump and the parallel fluid, so fluid may
pass through the pump even during pas-
sive operation.
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(]
L J L N
(12) (13)
@:(P) Figure 3.6: These candidate hydraulic
schematics for the hybrid knee replace the
|| functionality of two controllable two-port
valves with a single controllable three-port
L N valve.
(14)

The only difference in these schematics (Fig. 3.5) from the first set of schematics
(Fig. 3.4) is that the fluid cannot be restricted from passing through the pump unless it
is restricted from passing through the entire circuit. Thus, while in the first schematics,
the first controllable valve could be implemented as an on/off solenoid valve, in the second

schematics, the first valve must be controllable to intermediate impedances.

Hydraulic valves are not limited to two port valves which control the flow of fluid
through only one passage at a time. The operation of the first and second, or even the first,
second, and third controllable valve may be combined into one cleverly designed multiple-

port valve.
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The two controllable valves in several of the hydraulic circuits can be replaced
with a single valve with three ports. in the simplest hydraulic circuit (Fig. 3.4(2) or 3.5(7))
the three ports are connected to the pump outlet, the parallel passage, and the actuator
(Fig. 3.6(12)). The valve selects between the pump or the parallel hydraulic path or closes
off both paths. By closing off the valve orifices gradually, intermediate impedances may
be created. When implementing the circuit with a checked extension path (Fig. 3.4(3) or
3.5(8)), the three port valve leaves the passage to the pump open while the parallel path is
open (Fig. 3.6(13)). Otherwise, the operation is identical to the previous case. The circuits
with fixed restrictor valves (Fig. 3.4(6) or 3.5(11)) may be implemented with either the type

of three-port valve.

The circuits with a third controllable valve (Fig. 3.4(4), 3.4(5), 3.5(9), or 3.5(10))
may be implemented with one two-port valve and one three-port valve, two three-port
valves, or a four-port valve. The three-port valve replaces the second and third two-port
valves, and selects between the extension and flexion passages, or closes both passages
(Fig. 3.7(15) or 3.7(16)). When implemented with two three-port valves (Fig. 3.7(17)), the
second three-port valve selects between closed, open to pump, or open to the pump and
the parallel circuit. Since the second three-port valve can close the parallel passages, the
first three-port valve may simply select between the flexion path and the extension path.
Alternatively, one four-port valve (Fig. 3.7(18)) selects between closed, open to the pump,

open to the pump and the extension path, or open to the pump and the flexion path.

When both checked extension and flexion pathways are available, the only reason

to close off the parallel passage and only leave the pump connected is for smooth position
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(17) (18)
Figure 3.7: These candidate hydraulic schematics for the hybrid knee replace the
functionality of three controllable two-port valves with one or two controllable
multiple-port valves.
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control of the actuator without interfering valve moves. If position control is not required,

the connection to the pump only is not needed.

3.4 Hydraulic Actuator Options

The candidate hydraulic schematics discussed in the previous sections all incorpo-
rate a double acting, equal volume actuator. In the implemented hybrid knee, this actuator
comprises a custom designed hydraulic cylinder with dual rods. To explain why this actu-

ator was chosen, we must examine alternative compact actuators.

3.4.1 Single Acting Cylinder

A single-acting cylinder has one connection to the outlet of the pump, while the
inlet of the pump is connected to a reservoir of volume equal to or greater than the cylinder.
The pump can only push fluid into the single acting cylinder, so a spring is required to
push the actuator in the opposite direction. For example, if the spring acts in the flexion
direction, then the pump must counteract the spring force whenever powered extension is
desired. The spring must be selected for the maximum desirable flexion rate, so the pump
torque to overcome the spring will not be insignificant. Additionally, the rate of flexion can
only be controlled by modulating the fluid impedance against the spring, either through

the pump or a valve.
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3.4.2 Double Acting, Unequal Volume (single rod) Cylinder

Adding a port to the other side of a single-acting cylinder makes it double-acting
and reduces the required size of the reservoir. The advantage of a double-acting single-rod
design is that the ratio of volumes can be tuned to create low force, high speed in one
direction and high force, low speed in the other direction. This ratio could be selected so
that the electric motor driving the pump operates at its most efficient speed for powered
flexion to create heal rise and at its highest power speed for powered extension for stair
climbing assistance. However, pilot check valves must be added to connect each side of
the cylinder to the reservoir at the appropriate times. During flexion, more fluid exits
the cylinder than enters it, so this excess fluid must be diverted to the reservoir. During
extension, excess fluid is required in the cylinder, which must be drawn from the reservoir.
The pilot check valves which open as necessary to allow fluid into or out of the reservoir

create a delay when switching flow directions, compromising position control.

3.4.3 Double Acting, Equal Volume (double rod) Cylinder

To eliminate volume discrepancies between the two sides of the cylinder, we can
add a rod to the other side of the cylinder, but leave it unconnected from the joint linkage.
This requires extra room for the rod at the extremes of piston travel. One side of the
cylinder connects to the inlet of the pump, the other to the outlet. Provided that the pump
is reversible, position control is greatly simplified since all the fluid moving from one side

of the cylinder is simply pumped to the other side with no requirement for a reservoir.
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3.4.4 Double Acting Rotary Vane

Some passive hydraulic knees, such as the Otto Bock 3R80 [36], utilize a rotary
vane hydraulic actuator. The rotary actuator is compact, since it does not require a reservoir
or empty space for moving rods. However, sealing and manufacture are complicated. A
cylinder is easy to manufacture and seal; there are many options for piston and rod seals
which fit a cylindrical form factor. Tight tolerances between the piston and cylinder or the
between the rod and cylinder end caps are relatively straight forward to manufacture.

A rotary vane actuator must seal at the apex of the vane, along the vane sides,
and on the rotary axis. Sharp corners between the apex and vane sides are difficult to
close. Sealing the chamber requires either a custom shaped seal or tight tolerances between
the vane and the chamber. A tight seal is likely to increase friction of the joint so that it
will not swing freely. The Otto Bock 3R80 knee avoids these issues by employing a high
viscosity hydraulic fluid which does not pass through the unsealed gaps around the vane.
In a powered knee, the excessive friction of a high viscosity fluid in the pump and through
the hydraulic passages creates an inefficient device.

The double-acting, equal volume cylinder is the best compromise between control-

lability, compact packaging, and easy of design, manufacture, and assembly.

3.5 Completing the Hydraulic Circuit

Because we need a low friction hydraulic pump and low rotor inertia motor (§4.2.1)
to be able to implement power regeneration to the batteries [44], ZP*"P is low enough that

a parallel flexion path is not required. Thus, the impedance during passive operation is
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pressure
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/
filter L
control
valve
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] | | Figure 3.8: The completed hydraulic
¢ n circuit schematic includes a reser-
] ! : 2 | voir, filter, and pressure sensor in ad-
drainage passages 1 pressure dition to the circuit elements from
"""""""""""""""" Loosensor Fig. 3.6(13).

given by equation (3.8). To reduce the number of servo motors required to move valves, we

valve __ rzvalve
Zfirst - Zsecond'

use a single three-port valve (Fig. 3.6(13)), so

A few other components are required to realize the hydraulic circuit. Drainage
passages collect any fluid that leaks from the controllable valve or the hydraulic pump.
These passages connect to an reservoir. An air spring in the reservoir allows for thermal
expansion of the fluid from operating temperatures of -15°C to 70°C. The spring also main-
tains a nominal pressure in the system greater than the vapor pressure of the hydraulic
fluid to avoid cavitation. A filter traps particles which might damage or obstruct the fluid
passages, pump, or valves. Pressure sensors on either side of the cylinder provide the nec-
essary feedback to control the knee to a specific torque. The complete circuit is shown in

Fig. 3.8.
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Chapter 4

Hydraulic Power Unit

Implementation

The implementation of the selected hydraulic circuit requires the selection of sev-
eral purchased components in concert with the custom design of a manifold to realize the
schematic. The design must compromise between compactness, manufacturability, and low

head loss.

The energy transfer from batteries to the knee joint takes place through several
steps. Several lithium polymer batteries power the drive to control the electric motor. The
motor magnet and windings transform the electrical power to speed and torque of the pump.
The pump displacement affects the ratio of flow to pressure created by the speed and torque
of the motor. The cylinder area influences the speed and force of the cylinder created by
the available pressure and flow. The geometry of the linkage determines the torque and

velocity of the knee joint.
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4.1 Modeling Performance Requirements

A Matlab simulation allows all of the parameters of the motor, pump, and cylinder
geometry to be modified and evaluated at different walking speeds.

We begin with clinical gait analyses of normal walking in able bodied subjects.
Based on data from previously published trials [23], we approximate a sine curve to the hip
and knee angles, which allows for smooth differentiation of hip and knee velocity and accel-
eration. The differences between the actual gait pattern and the sinusoidal approximation
are small enough that they should not affect the overall performance requirements we are
estimating. If we estimate the expected mass and moment of inertia of the prosthesis below
the knee joint, we can then determine the required knee torque and speed. Since we know
the knee angle at any given time, we can determine the torque required to hold that angle
against gravity. We also determine the torque required to achieve the desired acceleration

of the knee at every instant.
T = lemcos (87 + 0"P)m,g + I,6%e (4.1)

where T}, is the required flexion torque at the knee, ., is the length from the knee joint to
the center of mass of the prosthesis comprising the knee unit, shank pylon, ankle, and foot,
m,, is the mass of the prosthesis, and I, is the moment of inertia of the prosthesis about

gFnee is the flexion angle of the knee relative to the thigh, and #"P is the

the knee joint.
flexion angle of the hip relative to vertical; their sum is the flexion angle of the knee relative
to vertical. The calculated power requirements (Fig. 4.1) correspond with collected clinical

gait analysis data (Fig. 2.5), but can easily be adjusted for different parameters, including

walking speed, mass, and leg length.
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Figure 4.2: Geometry of the hy-

L draulic actuator linkage (not to scale).
/’ Lengths I, and [, stay fixed, while the
actuator length, /., and moment arm,
ln, change as the knee flexes or ex-
tends. The linkage angle ¢ changes at
the same rate as the knee angle §*m¢¢.

Next, we convert the knee joint angular velocity and torque to flow and pressure
in the hydraulic cylinder. At each angle, we calculate the instantaneous piston position [,

and moment arm [ of the linkage using the law of cosines (Fig. 4.2):

Lo = /12 + 12 — 2alycos(9) (4.2)
l
ln = lpsin(a) = lbl—asin(qb) (4.3)
(&
Differentiating the piston position gives us the required cylinder speed, while the torque
divided by the moment arm determines the force. Multiplying the speed by the area of the
cylinder, A., determines the required flow, ¢., and dividing the force by the area determines

the required pressure, p.:
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Hybrid Knee Geometry Parameters

actuator linkage la 32 mm
actuator linkage Iy 167 mm
initial linkage angle ¢ gnee— 120 °
: 2
cylinder area Ae 188 mm Table 4.1: Parameters for the knee ge-
pump displacement d 408 ) ometry used to calculate motor torque
rev

and speed from the desired knee
trajectory.

Finally, we divide the hydraulic flow by the pump displacement d and multiply the pressure

by the displacement to determine the required speed and torque, respectively, of the motor:

wmotor — wpump — qpump _ dc (46)
d -1y d- 1y
d - pPump d -
Tmotor — Tpump _ pp ~ Pc (47)
NIm Mm

where 7, is the volumetric efficiency of the pump and 7,, is the mechanical efficiency. Other
losses occur in the friction of the cylinder and in the head loss between the pump and the
cylinder; however, these losses are more difficult to estimate and small in relation to the
losses to pump inefficiency.

Using equations (4.2)-(4.7), a trajectory of knee angle, 6*"°¢, and torque, T}, can be

motor Tmotm"

transformed to the motor speed, w , and torque, , required to achieve the desired
behavior. By varying pump displacement, cylinder area, and linkage lengths within the
design constraints, we arrive at a suitable set of parameters so that a motor can be selected

which operates efficiently at high speed for powered swing in level ground walking, but with

enough torque to assist in lifting the weight of the patient going up stairs or inclines.
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4.2 Motor Selection

Since the overall packaging is limited in size to approximately that of a biological
leg, the moment arm, [, on the hydraulic cylinder is limited in length. As a starting point
for the calculations, we can choose a linkage geometry similar to existing hydraulic and
pneumatic knees. From there we choose a pump displacement and cylinder area which
allows the pump to operate within the pump manufacturer’s specified maximum speed for

our full range of desired walking speeds. Table 4.1 summarizes the chosen parameters.

4.2.1 Defining a Performance Index

Our objective is to create a knee which is able to create high joint torque to assist
on stairs and inclines, but uses a limited amount of power for level ground walking. From
clinical gait analysis [30], we know that a typical able bodied individual exerts about 250 W
instantaneous power at the knee to climb an average step. Thus, any motor selected to drive
the knee should be able to produce hundreds of watts of mechanical power. In the selected
hydraulic schematic (Fig 3.8), fluid always passes through the pump during flexion. Thus,
if we wish to use as little power as possible when flexion should be impeded, for example,
immediately before extension in the gait cycle, or when walking down an incline or stairs,
the motor and pump must be easy to back-drive. Properly selected components allow the
hydraulic pump and electric motor to act as a hydraulic motor driving an electric generator,
so there is even the potential to regenerate power. In the motor, ease of back-driving depends
on the inertia of the rotor. So, the performance index, MPI, for selecting a suitable drive

motor is the motor constant, k,,, (essentially a measure of power density) divided by the
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1.4 -
MOTOR
1.2 { STAIR CAPABILITY ]
/5\ 1.0 -CLIMB AT 48V | Figure 4.3: Maxon EC-powermax mo-
: tor torque versus speed performance
& 08t - capability (shaded). Curves show the
£ 06pmms e 1 torque and speed required of the mo-
g ~~~~~~~~~~~~~~~~ tor for a typical amputee walking at
N N \ 0.67m/s, fast walking at 1.3m/s, and
0.67 M /S‘\,.’ powered lifting for stair climbing. Al-

0 : 5 ' 4 6 3 1'0 1o  though the total torque for stair climb-
Speed (krpm) ing is not available, partial assistance
is sufficient for step over step ascent.

rotor inertia, J:

k
o pmeter 5 100 W (4.8)

J Y max

MPI =

The Maxon EC-powermax 30 mm 200 W brushless series of motors has a motor
constant of 44 mNm/\AV with a rotor inertia of 33 gcm?, making it the best available motor
series as calculated by (4.8). Although the motor constant, k,,, is fixed for the design and
size of the motor, different windings with more turns and a smaller wire diameter or fewer
turns and a larger wire diameter will create more or less torque, respectively, for the given
drive current. Thus, the choice of winding is driven by the maximum current of the motor

driver and the desired maximum torque for assisting stair ascent:

Tmotor
ke = Irng)e , subject to (4.9)
mazx
Vdrive
wmotor — 7”;7 (4.10)

Fig. 4.3 shows the speed and torque capabilities of the motor at 48 V in relation to the
requirements for walking at 1.5 mph, 3.0 mph, and up a typical stair step for the chosen

winding with a torque constant, k;, of 41 mNm/A,
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4.2.2 Heat Dissipation Analysis

Although the manufacturer claims the motor is capable of producing 200 W output
power, it is important to estimate the temperature rise of the motor during normal operation

to ensure that it will not overheat. Starting from Newton’s Law of Cooling:

. 1
@%t = -7 (@m - @amb) (411)

tm

where ©,, is the temperature of the motor housing, O, is the ambient air temperature,
and t,, is the thermal time constant for the motor housing. The heat absorbed by the motor

housing, 'f;;, is equal to the heat lost from the motor windings, QfU“t:

QI = —Qout (4.12)

CrmOlt = —C\, O

CnOin = —th— (O — Ou)
Nino Cw

where ©,, is the temperature of the winding, and C,, and C,, are the thermal capacities
of the motor housing and winding, respectively. Thus, the total rate of change of the

temperature of the motor housing is:

(@w - ®m) - T (@m - ®amb) (414)




48

Motor Temperature Parameters

maximum drive current  [drve 30 A

motor winding resistance at 25°C  Rgsc  0.794

thermal time constant: winding to housing ¢, 0.802 s

thermal time constant: housing to ambient ¢, 848 s
thermal capacity: motor winding  C, 10.2  J/c

thermal capacity: motor housing  C,, 160 J/c

maximum winding temperature ©;'** 155 °C

Table 4.2: Characteristic data of the custom wound Maxon EC-powermax motor
used in motor temperature analysis.

Analysis of the motor winding temperature is similar. We assume a worst case scenario

where all of the electrical energy input is converted into heat, i.e., the motor is stalled:

Q" =1’R (4.15)

CwOl! = I’ Rosc (1 + acu(Ow — 25°C))

_ I? Rosec

On =~ (1+acu(Ouw - 25°C)) (4.16)

where [ is the drive current, and R is the winding resistance, starting at Rgs-c at 25°C,
and increasing according to the thermal coefficient of copper, acy, at 0.00392 2/.c. Thus,

the total rate of change of the temperature of the motor winding is:

T2 Roro 1
= M (1 + O‘Cu(gw —25 OC)) - (@w - ®m) (4'17)

Ou Cy tw
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Figure 4.4: Worst-case heat dissipation during stair climbing allows at least 25 steps,
about two full flights of stairs before the motor must be disabled (left). Level ground

walking at 10% duty cycle of peak continuous current is limited only by battery life
(right).

Equations (4.14) and (4.17) form a system of differential equations which we solve
numerically in Matlab using the parameter values from Table 4.2. For safe operation, the
winding temperature, ©,, may not exceed the manufacturer’s limit of 155°C. The motor
will operate most inefficiently when loaded for stair climbing. To get a conservative estimate
of how many steps may be climbed before the motor starts to overheat, we assume all the
electrical energy is converted to heat at the maximum intermittent current of the drive. We
also assume an ambient temperature of 40°C inside the knee unit. At a 40% duty cycle with
steps at 1.2s intervals, at least two full flights of stairs, or about 25 steps, may be climbed
before the maximum winding temperature is exceeded (Fig. 4.4). With no heat sink, the
motor winding temperature will drop 90% of the way to the ambient temperature in about
half an hour.

Because the time constant of the housing dominates the temperature of the wind-
ing, we can estimate the temperature rise of only the housing to find the peak operating

conditions for level ground walking. The time constant of the housing is much greater than



50

the step cycle, so we can average the input power instead of using the discontinuous current
profile employed in equation (4.17). All the heat generated in the winding is lost to the

motor housing, so:

. 1
0,, = <<12>¢ng25°cCtCu — t> 0, + (4.18)

1 Oam
<C(I2)C’/UQR25OC(1 — Oécu25 OC) + t b)

N2
where  (I?)0g :(Iggﬂe) (duty cycle) (1 - nmowr> (4.19)

We can solve equation (4.18):

Om(t) = _% (1-eM) + 0,00 (M) (4.20)
where )\ = (Clm(ﬂ)ang%@O‘Cu — tiﬂ)

1 Oam
B= (C(I2)ang25°C(1 - aCu25°C) + 7 b)

If we consider aggressive level ground walking operating at peak continuous drive current,

Idrive of 15 A at a 10% duty cycle, with the motor operating at peak power, i.c., at an

cont.

motor " of 50%, then the motor housing temperature will level off at approximately

efficiency, n
100°C, so the motor winding will not overheat (Fig. 4.4).

Adding a heat sink reduces the temperature rise of the motor below the worst case
scenarios presented in Fig. 4.4. To reduce the thermal resistance, and thus the thermal time
constant, of the motor housing, a custom machined heat sink with fins optimally spaced
for cooling by natural convection was considered, but was ultimately rejected in favor of
an easily modified, inexpensive Maxx Products heat sink. For additional safety, a sensor

mounted to the motor housing monitors the temperature. The motor winding has a very

small thermal time constant, so the winding is generally no more than 50°C warmer than
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the motor housing. Thus, if the temperature sensor exceeds a threshold, the drive motor is

disabled so the winding can cool down.

4.3 Component Design

Having selected a motor, pump displacement, and cylinder dimensions,we must
design a valve and manifold to complete the hydraulic circuit. The manifold incorporates
active and passive flow paths, while a 3 port variable position valve controls the circuit

between active and passive modes of operation to complete the schematic shown in Fig. 3.8.

4.3.1 Control Valve

For each step, the knee transitions from passive resistance during stance to active
assistance during swing. At heel strike, the valve must provide high impedance through
passive damping. In late stance, impedance must be reduced, reaching a fully open pump
path at toe off to begin the active portion of the step cycle. During toe off, we activate the
pump to provide knee flexion for sufficient heel rise. At the end of flexion, we reverse the
pump direction and move the valve to open the parallel free extension path of the hydraulic
circuit. To slow the leg in preparation for the next heel strike, we begin closing the valve
to damp hydraulic flow at the end of swing.

Thus there are three primary positions of the valve:

e closed
e open to the pump

e open to the pump and parallel path
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For smooth operation, we must be able to move incrementally between any two of these
positions without passing through the third. We accomplish this through a rotary design.

The valve barrel driven by an electric servo motor rotates inside the valve housing
(Fig. 4.5). The valve housing is separated into three distinct levels along its length by
O-ring seals. At each level, holes drilled through the circumference of the housing connect

the interior of the housing to the exterior. Each level is connected to a different port:

e the pump outlet

e the parallel check valve path

e the extension side of the cylinder

The gap between the barrel and the housing interior is approximately 5 um, small enough
to prohibit hydraulic fluid flow. Two axial slots machined 180° from each other around the
circumference of the barrel allow fluid to flow between the the different levels of the valve
housing when the barrel is rotated to a position where it connects the circumferential holes
in the housing.

The holes in the valve housing follow a pattern spaced at approximately 60° around
the circumference of the housing. In the first position, there are no holes. When the barrel
slot is aligned with the first position, the valve is fully closed. In the second position, holes
are drilled through the level connected to the pump and to the cylinder. When the barrel
slot is aligned with the second position, the pump is directly connected to the cylinder, and
the parallel fluid path is bypassed. In the third position, holes are drilled through all three
levels. When the barrel slot is aligned with the third position, all three ports are connected,

so fluid may pass through either the pump or the parallel fluid path to reach the cylinder.
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This pattern is repeated through the next 180°. Since the valve is symmetric, radial forces

created by fluid pressure are balanced.

Clearly, the valve barrel can rotate to positions where the slot is not completely
lined up with the holes. These intermediate position create a partial opening which restricts
fluid flow to increase impedance. In situations like stair descent, very high, but not infinite,
impedance is desired to allow gradual knee flexion. To improve the control of high levels of
impedance, small triangular notches extend from the slot in the valve barrel. When these
notches overlap with the holes in valve housing, fluid passes through the hole from one port,
into the notch, through the valve slot, and through the notch overlapping the second port.
The angular position of the valve barrel affects the portion of the notch which overlaps with

the holes, and hence the effective cross sectional area of the orifice.

The valve passes through all three positions in the course of a single step. At heel
strike, the valve is moved to the fully closed position to provide resistance to the impact
pressure. As the amputee transfers weight over the leg, the valve gradually opens to the
pump port, letting the knee flex slightly. At the end of the stance phase, the pump port is
fully open so that the pump can power the flexion of the knee to create the necessary heel
rise for the swing phase of the step. At the end of flexion, the valve moves to the position
with both passages open. The pump drives in the opposite direction, kicking the knee into
extension. After providing a sufficient impulse, the motor may turn off, letting the fluid
pass through the check valve to allow the knee to swing ballistically. In the terminal swing

phase, the valve moves again towards the closed position to create some damping so the
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knee does not jar into the hard stops as the leg reaches a fully straight position. At this

point in time, the cycle repeats for the next step.

4.3.2 Hydraulic Manifold

Once all parts of the hydraulic schematic are designed, we must realize the circuit
in three dimensions to connect them. After we establish a preliminary layout (Fig. 4.6), we
can count the number of right angle corners and the total length of passages to estimate the
head losses of fluid through the manifold for different passage diameters and check valve or
filter sizes. Thus, we optimize the size of the passages and valves for the space available.

We model the manifold passages as solids, leaving space between them for the
necessary wall thickness to accommodate the working pressures. A minimum wall thickness
may be calculated through a simple stress analysis given the peak pressures expected and
the material properties of the aluminum used to make the manifold. Once the passages are
in place, we model a machinable exterior around the passages and then subtract the passage
model to create the final design. Each passage must reach an outside surface to maintain
machinability of the manifold. This method leaves material only where it is needed for
strength, mounting points, or machinability. By using flat surfaces and prismatic segments,
we reduce the cost of machining by eliminating complex three dimensional surfaces. The
final manifold design is compact and lightweight. Fig. 4.7 shows how the completed manifold

fits into the hydraulic power unit assembly.
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Figure 4.6: Three dimensional realization of the hydraulic schematic from Fig. 3.8
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Chapter 5

Sensing and Control

The control strategy for a mechatronic system defines the sensor requirements.
Mimicking a smooth, natural gait without reading the mind of the amputee or resorting
to unreliable [8] electromyographic (EMG) signals requires a sophisticated estimate of the

knee state at all times and enough sensory information to guess the next logical state.

5.1 Control Strategy

The hybrid knee controller was written by Matthew Rosa, building on previous
work by Sebastian Kruse, Miclas Schwartz, and Adam Zoss. The controller is organized as
a finite state machine. For simplicity, durability, ease of use, and so that double amputees
may wear the knee, all sensing is contained within the knee unit. Thus, the desired action
must be guessed from the information provided by these sensors only. No information from

the contralateral foot or knee is available.
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Figure 5.1: The knee controller operates as a finite state machine, switching between
different states depending on sensor values. Some states provide active assistance
through the hydraulic pump, while others provide impedance through a variable
valve orifice.
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5.1.1 Control States

A combination of sensor values and thresholds allow the controller to determine
whether the amputee is walking, standing, sitting, ascending an incline or stairs, descending
an incline or stairs, or performing some other activity. Furthermore, the controller deter-
mines at what speed the amputee is moving and which phase of the walking cycle the knee
is in. Once the state is determined, we calculate and apply the required level of active

assistance or passive impedance. The state machine is illustrated in Fig. 5.1

Level Stance

When the controller determines that the prosthetic foot is in contact with the
ground, the control enters a level stance state. In this state, the pump is disabled and only
the valve is used to create impedance to knee flexion. If the load passing through the foot is
concentrated towards the heel, a high impedance is designated. If the load passing through
the foot is concentrated towards the toe, knee flexion may be imminent, so a low impedance
is designated. One of two criteria must be met to leave the level stance state. Either the
foot leaves the ground, or the controller determines that amputee wishes to flex the knee
in place. All other states return to the level stance state if the foot is on the ground and

the knee is fully extended.

Forward Swing

If, from the level stance state, the prosthetic foot leaves the ground and the foot
is behind the amputee’s body, then the controller determines that the amputee wishes to

swing the prosthetic limb forward. The controller determines the angle of the thigh, and
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swings the leg such that the foot follows the ground below the body. When the thigh slows
down towards the end of hip flexion, knee extension completes to straighten the leg. In the
current implementation, the foot position depends on the absolute position and velocity of

the thigh. If the thigh swings faster, the knee flexes and extends faster.

Reverse Swing

If, from the level stance state, the prosthetic foot leaves the ground and the foot
is in front of the amputee’s body, then the controller determines that the amputee wishes
to swing the prosthetic limb back for a reverse step. The controller follows a trajectory

reverse of the forward swing state until the foot touches the ground again.

Ascent Swing

If, from the level stance state, the prosthetic foot leaves the ground and the foot is
underneath the amputee’s body, then the controller determines that the amputee is standing
in front of an step and wishes to swing the foot up. In this case, a different trajectory is

designated which mimics the knee swing angles found during normal stair ascent.

Ascent Stance

If, from any of the swing states, the foot contacts the ground while the knee is
bent instead of fully extended, the controller enters an ascent stance state instead of the
level stance state. In this state, the pump is employed to lift the body weight as the knee
extends. If the foot leaves the ground, the controller returns to the ascent swing state. If

the knee extends fully without leaving the ground, the knee returns to the level stance state.
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Decent Stance

If the amputee pushes against the impedance created by the valve during level
stance, pressure in the hydraulic cylinder will increase. In this case, the controller determines
that the amputee wishes to flex the knee and reduces the impedance. In some cases, energy
may be recaptured by back-driving the pump and running the motor as an electric generator.

The controller leaves the descent stance state when the foot leaves the ground.

Decent Swing

If, from the descent stance state, the foot leaves the ground behind the body, the
controller determines that the amputee is descending a step. In this case, a trajectory is
designated which mimics the knee swing angles found during normal stair descent. Depend-
ing on the knee angle when foot contact is determined, the controller returns to the level

or ascent stance states.

Sitting and Chair Rise

If, from the descent stance state, the foot leaves the ground in front of the body,
the controller determines that the amputee is sitting. If the foot contacts the ground, the
controller enters a chair rise state, in which the pump is employed to lift the body weight
as the knee extends. When the knee is fully extended, the controller returns to the level

stance state.
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5.2 Sensor Requirements

The prescribed state machine determines the necessary sensory information to

switch between states and control the knee motion during individual states:

e Knee flexion angle

Foot position in relation to the body

Knee torque

Load passing through the toe and heel of the foot

5.2.1 Knee Angle

In order to mimic natural knee flexion angles for different activities, it is important
to measure the actual flexion angle of the prosthetic. The knee angle also determines the
instantaneous moment arm of the hydraulic cylinder, so it is required to calculate knee
flexion torque.

The knee angle may be measured directly or indirectly. An angular sensor, such as
a potentiometer, optical encoder, or magnetic encoder attached to the knee pivot measures
the angular difference between the thigh link and shank link directly. Alternatively, we
could measure thigh and shank angles relative to gravity and take the difference to obtain
the knee flexion angle. The angle may also be calculated from the actuator position by
integrating hydraulic flow or measuring the piston position using a linear encoder, linear
variable differential transformer (LVDT), linear potentiometer, string potentiometer, or

giant magnetoresistance (GMR) sensor with a moving magnet.
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accelerometer
and gyroscope

force transducer power unit
Figure 5.2: Sensors on the knee include an accelerometer and gyroscope for mea-
suring thigh angle, magnetic encoder for measuring knee angle, and custom force
transducer for measuring foot loads.
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The most compact and simplest solution for the controller is using a RLS RMB20
magnetic encoder mounted on a printed circuit board (PCB) attached to the shank link at
the knee joint. A magnet embedded in the joint pin rotates with the thigh link. As the knee
flexes, the orientation of the magnetic field changes with respect to the sensor mounted on
the shank link. To avoid affecting the magnetic field near the magnet and sensor, the joint
pin is manufactured from 7075-T6 aluminum instead of steel. Hardened steel sleeves fit

over the ends of the joint pin to act as the inner bearing race for the joint needle bearings.

5.2.2 Thigh Angle

The controller requires knowledge of the position of the prosthetic foot in relation
to the amputees body to enter several of the control states. The ankle is relatively stiff, so
the position of the toe and heel with respect to the shank do not change significantly. The
only other degree of freedom between the hip and the toe is the knee flexion angle. Thus, if
we know the thigh position and angle in the sagittal plane, we can calculate the toe location
using the shank length, foot size, and knee flexion angle. Alternatively, we could measure
the absolute shank angle and position and calculate the thigh angle. However, the thigh is
the primary input from the amputee to the controller, so a clean signal is very important.

We measure the thigh position and angle in the sagittal plane by integrating a dual
axis Analog Devices ADX1L.203 accelerometer and a single axis Analog Devices ADXRS300
rate gyroscope. A software low pass filter on the accelerometer and high pass filter on the
gyroscope avoid drift. The initial position of the knee can be calibrated from the known
length of the leg when the amputee stands straight up. Knowing the position of the leg with

respect to both the ground and the person enables toe trajectory tracking with minimal
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ground clearance. Minimizing ground clearance should yield a natural gait with normal knee
flexion angles, hip abduction, and pelvic obliquity. The accelerometer and gyroscope can
also be used to measure thigh velocity. The velocity measurement determines the desired

walking speed so that the controller can adjust the knee flexion trajectory to suit.

5.2.3 Knee Torque

The descent stance state requires a measure of the force the amputee exerts against
the knee to calculate an appropriate impedance for a controlled descent. Likewise, the ascent

stance state control is aided by knowledge of the output force exerted on the amputee.
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Figure 5.4: The location of the load passing through the foot moves from the heel
towards the toe through the stance phase of the stride (left). At the ground, the
load is primarily in the vertical direction, with some friction force in the antero-
posterior direction for braking and propulsion, and a small stabilizing force in the
medio-lateral direction. Adapted from [11].

Measuring the knee torque also allows for a direct comparison to CGA data to evaluate
improvements in walking.

A torque sensor mounted at the knee joint strong enough to withstand human
joint torques would be too bulky and expensive. Since the knee angle is known, the torque
may be calculated from actuator force and the moment arm. One way to measure actuator
force is to add a load cell at the rod end. However, the most compact and strongest method
is to measure the fluid pressure on both sides of the cylinder. The difference of the pressures
multiplied by the cylinder area gives the actuator force. Fig 5.3 shows the location of both

Omega PX600 pressure transducers in the hydraulic manifold.

5.2.4 Foot Load

A foot load sensor is required to measure the ground reaction force, GRF', and its

point of application on the foot, or center of pressure. The ground reaction force can be
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separated into three perpendicular component forces, a vertical force perpendicular to the
transverse plane, a antero-posterior force perpendicular to the coronal plane, and a medio-
lateral force perpendicular to the sagittal plane (Fig. 5.4). The vertical force is created
primarily in support of the body weight over the stance leg. The antero-posterior force is a
friction force along the ground surface which slows the body’s forward progression at heel
strike and provides the propulsive reaction at toe off. The medio-lateral force is a friction

force along the ground surface which resists side to side motion of the body. [38]

The fundamental requirement for switching between swing and stance states is foot
contact, measured as ground reaction force. As shown in Fig. 5.4, the center of pressure of
the ground reaction force moves from the heel to the toe during each stance cycle. Thus, the
application point of the ground reaction force, either towards the heel or the toe, identifies
early, mid and terminal stance [11].The identification of the stance timing designates the

appropriate valve impedance.

The simplest way to measure foot contact is to place contact switches below the
toe and heel of the prosthetic foot. A signal proportional to the load is achieved by replacing
the switches with force sensing resistors or load cells. However, either solution requires an
instrumented foot, leaving the sensors and connecting wires vulnerable, and restricting the
amputee to use a specific foot with the knee. Furthermore, the critical downside of the
instrumented foot is that it is sensitive only in discrete patches. So, if the amputee were to

step on the edge of a stair with the middle of the foot, no load would be measured.

The Otto Bock C-Leg uses several strain gages on the ankle pylon to independently

determine the components of the ground reaction force [21]. This requires a different length,
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custom pylon for each patient. There is even less room in the pylon than in the frame
to provide protection to the gages. The limited room also means that the pylon is not
necessarily designed for sensitivity, or high strain, in particular directions. Thus, either high

gains or expensive high gage factor gages are required to achieve precise measurements.

Since adding sensing at the foot requires the patient to use a specific foot or a
modified foot, sensing in the frame allows more freedom in choosing prosthetic components.
Force sensitive resistors placed between frame members are too susceptible to off-axis loads
to provide sufficient accuracy, and off the shelf load cells are too large to package within
the limited space available in the frame. This leaves a custom designed sensor using strain

gages as the best option (§5.3).
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Figure 5.6: A custom designed force
transducer measures axial load and
sagittal plane moment transmitted
from the foot through the ankle pylon
and into the knee frame.
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5.3 Force Transducer Design

Since measuring the ground reaction force directly at the center of pressure is
inconvenient, we must instead measure the forces and moments created inside the structure
of the prosthetic knee. Fig. 5.5 shows how the vertical and antero-posterior ground reaction
forces both contribute to an axial shear force, V' in the knee structure. The center of pressure
of the ground reaction force creates a moment in the sagittal plane, M. Thus, a measure
of V and M is sufficient to determine the proper control state of the knee. From Fig. 5.4,
we can see that the secondary shear force Fs, and moments in the coronal plane due to the
medio-lateral ground reaction force will be small; however, they might still contaminate the
measurement of axial force and sagittal plane moment.

The most convenient location for measuring load is in the frame where the ankle
pylon is clamped to the bottom of the knee assembly (Fig. 5.6). There, the gages can be
protected by the knee cover. Also, any length pylon and any foot may be used in conjunction
with the knee without modification. The sensor needs to isolate the axial load and sagittal
plane moment, while canceling out strains created by perpendicular shear forces and coronal
and transverse plane moments.

Many load cells and force transducers measure applied forces by measuring direct

strains due to tensile or compressive forces on a metal element, or by measuring tension



72

and compression in a bending beam. However, a compact force transducer requires that
the bending elements be short. In a short beam constrained on both ends, the position of
strain gages for measuring bending becomes critical to avoid crossing inflection points and
achieve the highest strains. Instead of measuring bending, a compact, low deflection, high
force transducer may measure shear strain instead of bending strain. Placed across the
neutral axis in bending, a shear strain gage (Fig. 5.7) cancels bending strains. Shear force
is constant throughout the length of the beam, so there is more flexibility in positioning the
gages. Torsional loading also creates shear strains along the surface of the bending beam,
so both the axial shear force and sagittal moment can be measured solely through shear
strain measurements.

Three candidate designs for the force transducer were analyzed: a torsion bar
measuring shear force and torsion, an ovalizing hole measuring bending and torsion, and a
shear web design which improves the sensitivity and strength of the torsion bar. The shear
web beam offers the best compromise of strength, load isolation, sensitivity, and ease of

assembly.

5.3.1 Torsion Bar

The torsion bar design connects the ankle pylon clamp to the frame through a
square cross section beam (Fig. 5.8). By placing shear pattern strain gages on the top,
bottom, front, and back of the beam, we can measure the shear strain to determine the
sagittal moment, M, axial shear force, V', and secondary shear force, F§, in the beam. Since
the surfaces are flat and accessible, the gages are easy to install. The analytical model for

this kind of loading is well understood, so it is easy to estimate what strains will show
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Figure 5.8: Strain gages around the
square beam measure shear strain to
resolve shear forces and torsion.

gage locations

gage locations

Figure 5.9: Strain gages inside the cir-
cumference of the hole measure ax-
ial force which ovalize the hole, while
gages at the top and bottom of the
connecting beam measure torsion.

up in each sensor. However, from the model, we quickly determine that the strains due
to sagittal moment are not minimized at the gage locations where we want to measure
axial shear force strain. Instead, the large strains due to sagittal moment loading must be
subtracted out, leaving a very small signal due to the axial shear force, so the design will

be highly susceptible to noise.

5.3.2 Ovalizing Hole

The ovalizing hole design connects the ankle pylon clamp to the frame through a
rectangular beam with a hole cut through it perpendicular to the coronal plane (Fig. 5.9).

Four bending pattern strain gages are placed inside the circumference of the hole at +45°
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Figure 5.10: The shear web transducer
measures axial shear forces in a thin
web and torsion at the top and bottom
of the beam.

and £135°. As the ankle pylon is loaded by the axial force, V', bending ovalizes the hole,
compressing two gages and stretching the other two. Separate shear pattern strain gages
on the top and bottom of the beam measure the strains due to sagittal moment, M. This
design was evaluated using a finite element analysis. Although axial load and sagittal
moment provide mostly independent measurements, the strains from axial loads are still 5
times smaller than the strain from moments, requiring high gage factor gages. Installing the
gages inside the hole would be difficult, and placement of the gages away from the middle

of the hole would contaminate axial loading shear with sagittal moment shear.

5.3.3 Shear Web Beam

The final selected design uses a shear web to measure axial load. The ankle pylon
clamp is connected to the frame by an I-beam with a thin web (Fig. 5.10). The sagittal
moment, M, and secondary shear, Fy, loading in the beam are supported almost entirely
by the top and bottom flange members of the cross section, while axial loading, V', creates
high shear strains in the web. By adjusting the thickness of the web, the sensitivity to axial

loading may be modified independently from sensitivity to sagittal moment.
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Figure 5.11: The shear web force
transducer has an I shaped cross sec-
tion (shown not to scale). The la-
beled dimensions are used in the stress

analysis.

Figure 5.12: The shear web force transducer is modeled as an I-beam (shown not
to scale). The beam is loaded in torsion due to sagittal plane moment, M, and in
shear due to axial shear force, V. The shaded region shows the location of the strain
measurement.
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Analytical Modeling

We can model the loading analytically using the I-beam torsion equation [31]. The
shear stress at the center of the top of the I-beam flange is:
M D m2D*
=—|——=||14+015— 5.1
oo =5 (1) (17025555 o
where M is sagittal plane moment. The cross sectional area, A, inscribed circle diameter, D,

and constant, K, depend on the dimensions of the I-beam cross section shown in Fig. 5.11:

A =2ab+cd+ (4 —)r? (5.2)
-l (r+b)*+ d+d—2 (5.3)
T b\ Ty '

3 4 b® 3 d "\ p4
K =0.67ab’ — 0.42b" +0.035 1 +0.33cd’ + (0.3 + 0.25>D (5.4)

On opposite sides of the web of the I-beam, the shear stress due to sagittal plane moment
of the beam will be small, and in opposite directions. The shear stress due to a axial load,
V', will in the same directions. If we add the stresses together, only shear stress due to axial

load will remain. Thus the relevant stress calculation is:

V [ydA

Tweb = dfy2 dA (55)

where the first and second moments of area, [ydA and [ y?dA can be broken down as

follows:

5 5+b Toe
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From the shear stress at the top of the flange (5.1) and center of the web (5.5) of the I-beam,

we calculate the expected shear strains:

Tflange

Yflange = a (58)
Twe
Yweb = Gb (59)

where G is the shear modulus of the transducer material.

Since d < b, the I-beam flange dimensions, a and b, and fillet radius r dominate
equations (5.2)-(5.4), reducing the shear web thickness, d, does not affect the expected
shear strains due to sagittal moment at the flange. However, the web thickness is inversely
proportional to the expected shear strain due to axial loading in the web. Thus, sensitivity
to sagittal plane moment and axial loads can be adjusted relatively independently by varying
the web thickness, d.

Of course, the force transducer must be strong enough to support the loads it
measures. The I-beam is weakest in torsion. The maximum shear stress due to sagittal
plane moment will be at the point of contact between the fillet, radius r, and the inscribed
circle, diameter D [31]:

M D D D
~ 2= V(140091 (1 7) 0.18= 5.10
Tmax K<1+7{Z£;> < + og +27’ + 27’) ( )

where A, D, and K are calculated by equations (5.2)-(5.4). We choose the dimensions
of the I-beam cross section with an appropriate factor of safety between the maximum
shear stress, Tymqz, and the shear yield strength of the transducer material. High strength
2024-T81 aluminum is the most suitable material for its high ratios of yield strength to

modulus of elasticity and strength to weight. The final sensor dimensions (Table 5.1) with
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Force Transducer Dimensions

flange width @ 15.9 mm
flange height b 9.5 mm
web height ¢ 12.7 mm

web thickness d 0.5 mm

Table 5.1: Chosen dimensions for the
I-beam shape of the shear web force
transducer cross section.

fillet radius » 3.2 mm

a typical foil strain gage of gage factor 2.08 ideally yield a sensitivity per gage of 6.3 4V/v.N
for axial load and 120 #V/v.Nm for sagittal plane moment. Under typical ground reaction

forces (Fig. 5.4), the total signal will be tens of millivolts, so high gains are not required.

Gage Placement for Measurement Isolation

The strain gages for measuring the shear strain due to axial load and sagittal plane
moment are placed along the neutral bending axes of an ideal I-beam to minimize bending
stresses. However, the beam is not long enough to behave exactly like the analytical model.
Thus, it is important to place strain gages in Wheatstone bridge configurations that will
cancel out remaining bending stresses and loads in directions other than those we wish to
measure. Table 5.2 summarizes how these potential contaminating strains are minimized
or removed.

Axial load shear strain is measured by two full Wheatstone bridges. The first
bridge comprises gages at 45° and 135° as in Fig. 5.7, on either side of the web. The sum

of these strains cancels out normal strains due to bending, and subtracts out the torsional



Desired Measurement

Contaminating axial shear force sagittal plane moment
Strains \%4 M
axial load V desired unaffected
°
2 secondary canceled by top and
ted
= shear F unaffecte bottom of flange
=
’ dio-lateral
-la
mnedio canceled by gage pattern  canceled by gage pattern
{ GRFmed.—lat.
sagittal minimize by proximity to .
momment M center; canceled by front desired
and back of web
=
2
Z coronal canceled by
S
ht moment contralateral web unaffected
transverse canceled by top and
ted
moment unaffecte bottom of flange
.
sagittal plane minimized by proximity canceled by gage pattern
& P to neutral axis Yy 636¢ P
e minimize by proximity to
S coronal plane  neutral axis and inflection  canceled by gage pattern
é point; canceled by pattern
minimize by proximity to
transverse canceled by gage pattern, . . .
neutral axis and inflection
plane front and back of web .
point; canceled by pattern

Table 5.2: The measurement of axial force, V', and sagittal moment, M, are isolated
from potential contamination by other strains due to shear, torsion, or bending.
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Figure 5.13: Foil strain gages oriented
for measuring shear strain are placed
on both sides of each web, and at the
top and bottom of the flange.

shear strains due to sagittal plane moment. A second, identical bridge in the shear web
contralateral to the ankle pylon measures the axial shear strain on that side of the pylon.
The sum of the strain measurements from both bridges cancels out any torsional shear
strain from coronal plane moment, e.g., from medio-lateral ground reaction force.

Sagittal plane moment shear strain is measured by a single Wheatstone bridge.
The bridge comprises gages at 45° and 135° as in Fig. 5.7, on the top of the top I-beam
flange and on the bottom of the bottom I-beam flange. The sum of these strains cancels out
normal strains due to bending, and subtracts out the shear strains due to secondary shear
force, e.g., from sliding friction on the bottom of the foot creating high antero-posterior
ground reaction force. A second bridge could be employed on the contralateral side of the
ankle pylon to measure secondary shear force.

Measuring the load in the frame allows forces over the entire foot to be measured,
not just discrete points in the toe and heel. We also free the amputee or prosthetist to

choose any foot and ankle pylon desired. While the custom force transducer does not
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directly measure the secondary shear force, we can estimate how much of the torsional
moment is due to the axial load by using a guess of the point of application of the load.
Since we know the absolute position of the shank, we know where the foot is as well. Thus,
we know which point on the foot is most likely to be in contact with the ground. From
our axial load measurement, we can estimate a moment and compare this to the moment
registered by the torsional sensor. The difference is the torsion created by secondary shear
force. Although not currently implemented, the estimate of secondary shear force could be

used to improve stumble detection.
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Chapter 6

Performance Evaluation

With components selected and purchased, and custom components designed and
manufactured, the knee can be assembled and evaluated. Three amputees have worn the
hybrid knee, walked comfortably in it, and noticed a decrease in hip torque during swing.

Further testing will be required to quantify improvements in gait.

6.1 The Completed Hybrid Knee

The actuator assembly, comprising the hydraulic manifold, control valve, pump,
motor, and cylinder, fits into a frame constructed of carbon fiber side plates and aluminum
holders for needle bearings. Steel pins fit into the bottom of the cylinder and the rod end to
hold the actuator assembly in place and form the inner race of the needle bearings. The force
transducer connects the frame to the ankle pylon and prosthetic foot, while the aluminum

thigh link connects to the knee joint bearings, rod end, and thigh socket. (Fig. 6.1)
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Figure 6.1: A cutaway view of the hy-
brid knee shows the placement of the
manifold and actuator assembly in re-
lation to thigh socket and ankle pylon
connections.

83



84

controller
electronics

Figure 6.2: Lithium polymer battery cells fit snuggly inside a cover which protects
the electronics, reduces pinch points from the actuator, and improves appearance.

The microprocessor and sensor conditioning circuit boards, designed by Dylan
Fairbanks, attach to the frame, and are protected by a plastic cover which encases the
entire knee unit. Twelve 2000mAh 15 C lithium polymer cells arranged in series to create

36-51V fit inside the cover and connect to the electronics to drive the knee (Fig. 6.2).

A petroleum-based automatic transmission fluid, Dexron III-Mercon ATF, is used
as the hydraulic medium. Access ports in the manifold on either side of the cylinder and
at the reservoir allow hoses to connect to a custom built hydraulic flushing rig. A vacuum
pump on the flushing rig pulls fluid through the reservoir into both sides of the cylinder.
Operating the pump and control valves during the flushing ensures that fluid replaces air

throughout the entire manifold.
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Initial powered movements of the hybrid knee were inhibited by excessive friction
in the pump and actuator. The piston rubbed against the inside of the cylinder at certain
positions. We tracked this problem down to poor concentricity between the rod and the
piston, specifically in the glued joint attaching the piston to the rod. These parts were
redesigned and replaced with a piston press fit over the rod for much tighter tolerance on
circular runout. The static friction in the pump, outside of the specifications given by the
manufacturer, required high current in the motor to initiate movement. Some friction was
alleviated by moving to a custom designed pump which borrowed gears from a lower friction
unit. The pump still requires a careful, iterative assembly procedure so that friction is not
exacerbated by uneven bolt torque or slight misalignments between the pump gears and
motor shaft. Future versions of the hybrid knee must continue to address these friction

issues.

6.2 Amputee Testing

To test the control software, an adapter may be worn to use the knee with an
intact leg. The adapter comprises a waist belt rigidly attached to a modified knee brace.
The knee brace is held in a flexed position by webbing. An aluminum frame wraps around
the knee cap of the brace and mounts to the standard bolt pattern of the thigh link on the
knee. While the adapter allows sensors to be tested with realistic loads, it is impossible to
mimic the actual dynamics of an amputated leg. The adapter moves the knee joint below

the biological knee, and the added mass of the intact shank changes the inertia and center
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of mass of the thigh. Thus, a valid evaluation of the knee requires the assistance of an

amputee.

6.2.1 Otto Bock, U.S.

The first opportunity to evaluate the knee with an amputee was at a demonstration
to Otto Bock, the manufacturer of the C-Leg, in Minneapolis, Minnesota. To minimize the
differences from the amputee’s regular prosthesis, the same socket and foot were used. A
new ankle pylon was cut to create the proper length from the knee joint to the bottom of the
foot. Finally, the knee was positioned by a certified prosthetist to create a stable neutral
position, with the knee joint slightly posterior to the load path while standing straight.
The demonstration began with the knee in a passive mode of operation only, mimicking the
behavior of the amputee’s C-Leg prosthesis. Short walks between handrails in the passive
mode allowed the load sensor thresholds and impedance levels to be set to comfortable
settings for smooth walking. After the amputee was comfortable walking in the passive

mode, the active swing mode was enabled.

In the active swing mode, we recognized the importance of proper tuning of the
thigh angle sensors in conjunction with the knee angle position control. The reduced inertia
of the residual limb compared to an intact leg in the adapter brace meant that the powered
swing assistance of the knee moved the thigh. A hip flexion motion in the thigh initiates
extension in the knee. The knee extension moment reacts in the thigh as hip extension
moment. Thus, there is potential for this feedback loop to create a chattering knee move-

ment if the thigh moves back and forth as it reacts to the swing assistance. A smooth gait
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minimizes this effect, but hesitation due to unfamiliarity with the knee behavior exacerbates

the feedback.

The amputee also attempted ascent and descent of a short flight of stairs. Stair
descent worked well, similar to the behavior of the C-Leg to which the amputee was accus-
tomed. During stair ascent, she would normally lead with her intact leg for every step, and
then pull the prosthetic limb up to the same step. Skipping every other stair would allow
the amputee to keep a close to normal pace, but would consume a lot of metabolic energy.
The powered assistance allowed her to climb a couple steps leading with the amputated leg,
a completely new experience. However, we noticed the importance of the position of the
body over the prosthetic foot at the initiation of a step. If the amputee did not place her
body weight completely over the prosthetic foot, the powered extension assistance would
push her body backwards or sideways away from the stairs instead of upward. Improving
trust in the knee would promote proper loading of the leg, but would also require a better

estimate of the amputee’s intentions.

6.2.2 Otto Bock, Germany

The second demonstration for Otto Bock occurred at the headquarters in Duder-
stadt, Germany. The amputee was an experienced tester who helped Otto Bock evaluate
the C-Leg during initial development. As in the first demonstration, a prosthetist fitted
the hybrid knee to the amputee’s custom socket and a familiar foot. In the passive mode
of operation, the amputee quickly felt comfortable enough to walk without handrails. He

confirmed that the knee adapted to different walking speeds and long and short steps.
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The amputee enjoyed using the hybrid knee. With the active swing mode of
operation enabled, the amputee noticed a reduction in hip energy required to move the
leg. Transitions between walking speeds were seamless. The amputee was able to walk
backwards, something he had never done before. Traversing up and down ramps at moderate
grade worked well, as did step over step stair descent. Stair ascent was much improved over
the first demonstration. Nonetheless, unfamiliarity with step over step climbing caused
some glitches and may require more practice than available during the short demonstration.
Extensive testing with an amputee in the laboratory will ameliorate development of the stair

ascent software.

The amputee praised the capabilities of the hybrid knee. He saw great potential
in the technology for a commercial product that would reduce energy consumption and

improve amputee mobility.

6.2.3 Laboratory Treadmill Tests

The third amputee to evaluate the knee was a local volunteer. His residual limb is
very long, so his usual prosthesis is a custom designed unit with the joint integrated into the
socket. His prosthetist had a test socket without a knee attached, to which the prosthetist
attached the hybrid knee and a prosthetic foot to which the amputee was accustomed. The
extra length of the socket meant that the hybrid knee joint was lower than the contralateral
biological knee. Unlike the Otto Bock testers, the third amputee had no experience with
microprocessor controlled knees. In fact, his every day prosthesis was so deteriorated that

it functioned as a single axis knee with no stance or swing control.



Figure 6.3: Video frames of a transfemoral amputee volunteer walk-
ing with the hybrid passive/active prosthetic knee on a treadmill at
0.6 m/s.
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Despite these hindrances, the amputee became comfortable using the hybrid knee
within minutes. Like the other testers, he noticed a decrease in hip torque. A prelimi-
nary evaluation of energy consumption by measuring the volume of oxygen consumed at
a self selected walking pace on a treadmill (Fig. 6.3) showed no difference between the fa-
miliar prosthesis and the unfamiliar hybrid knee. Increased confidence in the hybrid knee
through extensive training and careful tuning of sensor and control parameters should show

improvement from the baseline test.

We also placed reflective markers on the hip to measure hip hike. Unfortunately,
the video of the markers was recorded at only 15 frames per second, which is not fast enough
to resolve a smooth hip motion. Furthermore, to get a good estimate of pelvic obliquity and
gait symmetry it will be important to use reflective markers at more joints with a consistent

camera placement.

6.3 Testing Protocol Recommendations

Initial testing with amputees has been decidedly successful. However, total testing
time has been less than 10 hours, not nearly enough to measure meaningful improvements
over existing technology. Furthermore, testing with an amputee is invaluable for devel-
opment of a truly robust and predictable controller for the knee behavior. The following

protocol evaluates several parameters of gait to quantify advantages of the hybrid knee.
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6.3.1 Measured Variables

Gait deficiencies in amputees include asymmetry, abnormal joint angles, increased
energy consumption, and decreased walking speed (§2.4). Some of these deficiencies may
be measured from the sensors in the prosthesis, while others require external means of

measurement.

Thigh angle, knee angle, and knee torque can be compared directly to clinical gait
analysis data for normal subjects at the same walking speeds. These angles can be used to
calculate stride length, which can subsequently be compared to a measured stride length
of the intact leg. The swing and stance state timing on the amputated side should also
be measured and compared to the intact side and normal walking to establish temporal

Symmetry.

To advance the measure of gait symmetry beyond timing, it becomes necessary to
measure joint angles on the hips, pelvis, and intact leg. A common way to measure joint
angle data is to place reflective or light emitting markers at the joints. The walking move-
ments of the amputee are then recorded with a high frame rate camera. Ideally, multiple
camera are used so that the three dimension position of each marker can be triangulated
to create a complete model of the walking motion. Marker tracking should provide all the
necessary data to evaluate symmetry in timing, stride length, and joint angles between the

amputated and intact side, hip abduction and pelvic obliquity.

Reductions in hip torque should contribute to an overall decrease in metabolic
energy consumption. Energy consumption is estimated by measuring the consumption of

oxygen. The more energy the body uses, the greater the volume of oxygen is absorbed by
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the lungs. A reduction of energy required to walk with the prosthesis will be evidenced by
a lower volume of oxygen consumed per meter traveled. This may appear as a higher self
selected walking speed for the same rate of oxygen consumption, or as a lower rate for a

constant walking speed.

6.3.2 Testing Procedures

The performance of the hybrid knee should be compared against a baseline. This
baseline could be the amputee’s standard prosthesis, or preferably, a state of the art mi-
croprocessor knee. An ideal assessment would involve several amputees and take place over
several weeks or months. One set of the amputees would start with the hybrid knee, and
then switch to the baseline knee for the second half of the assessment. The other set of
amputees would start with the baseline knee and switch to the hybrid knee. A long assess-
ment period with frequent evaluations would allow the amputees to become accustomed
to the knee and would allow the prosthetist to tune the knee parameters for the best gait
improvements. Presumably, in the first group of amputees, improvements in gait would

disappear without the active swing assistance of the hybrid knee.

Typically, amputees walk with a large toe clearance to mitigate the chance of
stumbling. However, the active swing phase has fine control over the position of the toe,
so there is a much lower likelihood of catching the toe on the ground. This should allow
the amputee to walk with a lower toe clearance, close to normal gait. Creating lower toe
clearance will probably require gait training, for example, by kicking a low object on the

ground with each step. Reducing toe clearance should reduce hip hike from unhealthy hip
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abduction and pelvic obliquity. Eliminating hip hike should help to eliminate hip and back

pain.
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Chapter 7

Conclusion

Microprocessor controlled passive prostheses like the C-Leg enable an enormous
amount of mobility over less sophisticated prosthetic knees. They enable walking at a wide
range of speeds and stride lengths. Walking down ramps and descending stairs step over
step is smooth and safe. There are even modes for cycling and other non-walking activities.
However, without a compact energy source and powered actuator, passive prostheses cannot

return full mobility to the amputee.

The hybrid knee describe in this thesis is a successful prototype which enhances
mobility of transfemoral amputees over currently available technology. It maintains all
of the advantages of a passive microprocessor knee, while adding the capability to walk
backwards, stand up from a seat, and ascend ramps and stairs step over step. Not only is
mobility enhanced, but the active control over the prosthesis has the potential to create a

more natural, symmetric gait. Improving the gait will reduce hip and back injury, reduce
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energy consumption, increase walking speed, and increase the total amount of time spent

on the prosthesis.

The hybrid knee employs a compact, low energy actuator with the capability for
high power maneuvers. By using hydraulic fluid as the transmission between an electric
motor and the output motion, both active and passive modes of operation are possible.
Providing power to the knee only at key points in the gait cycle reduces total energy

consumption of the prosthesis, so the system can remain lightweight and compact.

Even with a small, underpowered motor, amputees were able to climb stair step
over step while wearing the hybrid knee. Clearly, the prosthesis does not need to be able to
lift the entire body weight of the amputee. Partial assistance is enough to reduce the strain
on hip muscles enough so that it becomes possible to pull the body up over the prosthetic

leg.

Unlike previous development in powered prostheses, the low energy requirements
of the hybrid knee compared to a fully active prosthetic knee means that it does not have
to be tethered to an external source of power or control. There is no waist belt of batteries
to wear. Furthermore, all sensors for the control are located within the knee unit. There
are no sensors on the contralateral leg, on the foot, or on the ankle pylon. No EMG sensors
are needed to determine the correct actions to match the amputee’s gait. There are no

significant obstacles preventing the hybrid knee from becoming a marketable product.
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Figure 7.1: A small hydraulic cylinder fitted with a spring stores
energy from knee flexion torque during stance to create knee exten-
sion torque before toe off. A controllable valve switches the sprung
cylinder into or out of the hydraulic circuit.

7.1 Future Work

Adding power to the swing phase of the gait cycle has the potential to improve
symmetry and reduce injury. Proving the health benefits of the hybrid knee will require
clinical trials. A suggested protocol to perform such an evaluation is presented in section 6.3.
Although the hybrid knee can more closely match a normal gait than existing passive
prostheses, there remain possibilities for even greater improvements.

By taking advantage of the technology developed for the hybrid knee, including
small, low friction pumps and actuators, and the control valves which switch between active
and passive operation, we can more closely mimic a natural gait at the knee and ankle joints.

During stance phase, a healthy gait includes a small flexion and extension of the
knee, which helps reduce the vertical travel of the center of mass of the body (Fig. 2.5).
Without the capability to inject power, no available prosthetic knee can create that exten-
sion, so generally the knee remains straight during the entire stance phase. Although the
hybrid knee has the capability to extend the knee during stance, it would be inefficient to

do so. However, we can take advantage of the ability to switch between different modes of
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Figure 7.2: A second hydraulic actuator (shown on the left) may be
added to the hydraulic circuit to power ankle motion as well as knee
angle.

operation. The current design includes only positive power (from the pump) and negative
power (through valve impedance) elements. A conservative, zero power, element would
allow the flexion torque to be captured and returned for extension during mid stance.

The conservative element may be implemented as a spring inside a hydraulic cylin-
der. The cylinder need only have as much volume as the volume of fluid displaced from the
actuator if the knee flexes a natural amount during stance. The spring force should match
the amputee body weight. An example schematic of the concept is shown in Fig. 7.1. At heel
strike, all four control controllable valves are closed. The fourth controllable valve opens to
allow the knee to flex during stance, and then modulates the rate of flexion and extension
during the stance phase. Terminal stance and swing phase are controlled as described in
previous chapters.

The ankle plays a key role in toe clearance during swing, especially when walking
up ramps. Matching the ankle angle to the slope also improves walking down ramps by
eliminating foot slap. Most prosthetic ankles are simple springs or dampers, so the foot
remains stationary with respect to the shank while the leg is in swing phase and no loads

are passed through the ankle. With another valve and actuator, the hybrid knee hydraulics
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could be extended to drive ankle motions during swing as well as knee motion (Fig. 7.2).
Modulating the relative impedance of the first and fourth controllable valves enables control

of both ankle and knee angles simultaneously.
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