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ABSTRACT

Recent research into the mechanics of walking indicates that a quasi passive wearable device could be created
which dramatically reduces the metabolic energy used in walking especially when the wearer is carrying addi-
tional torso weight. Target population groups include military personnel who must carry heavy battle packs and
body armor, hikers, letter carriers, and the quasi disabled. This latter group includes a significant fraction of the
elderly who have reduced leg strength and/or higher weight torsos. The device is called PUUMA, an acronym for
Personal Unpowered Universal Mobility Assistant.

Though walking has been studied extensively, there appears to be a limited understanding of the interplay
between the kinetic and potential energy of the torso when driven by legs that can store and release energy. This
thesis introduces a simplified model which enables simulation of the entire walking process including the epoch
following heel strike. One simulation goal was to explore the knee spring properties which enable lossless walk-
ing. Simulations show that there are two knee spring configurations which allow for lossless walking. It is also
shown that the percentage of kinetic energy transferred to a knee spring can be a significant fraction of the torso
kinetic energy.

PUUMA's basic idea is the incorporation of torsion springs at the knee joints which absorb torso kinetic energy
following heel strike and then release that stored energy later in the step. An application of the capstan effect is
introduced which enables a practical implementation of two knee spring configurations. In particular, the design
allows the thigh and shank to be dynamically coupled to a microprocessor controlled knee spring thereby allow-
ing both unimpeded leg swing and kinetic energy transfer to the knee spring. Another use of the capstan effect is
introduced which allows for a microprocessor controlled brake that can freeze the knee at its maximum torsion
and then release it later in the walking cycle. A design is shown which embodies the architectural ideas created.
Several of the key components were designed, prototyped and tested.

Thesis Supervisor: Neville J. Hogan

Title: Professor of Mechanical Engineering
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1 Introduction

Walking is one of the most common human activities. It is estimated that the world's human population
walks over twelve quadrillion steps per year. It is therefore surprising that there appears to be no generally avail-
able non-motorized devices for reducing the metabolic cost of human locomotion other than bicycles and other
wheeled devices. In general, existing walking assist devices (e.g. knee braces, crutches, canes) enable the quasi
disabled to walk, but do not reduce the metabolic cost of walking. Recent research at Powered Prosthetics Insti-
tute has suggested that a low cost (<$200), light weight (<50 Newtons) device can be developed to dramatically
reduce the metabolic cost of human walking especially when the user is carrying a heavy backpack. This thesis
discusses the theory, prototype design and preliminary device component measurements of a device specifically
designed to reduce the metabolic cost of human locomotion. The device is called PUUMA for Personal Unpow-
ered Universal Mobility Assistant.

There appear to be two significant population groups which would benefit from wearing PUUMA devices,
the quasi disabled and military personnel. The quasi disabled includes those who have a high torso mass to leg
strength ratio and those with joint problems. A significant fraction of the growing elderly population fall into the
quasi disabled category and would benefit from a device that reduces the fatigue associated with walking. Those
in good physical shape who must walk for significant periods of time carrying significant weight would also find
substantial benefit in wearing a PUUMA. For example, soldiers typically carry a 300 Newton battlepack in addi-
tion to 150 Newtons of body armor for extended periods each day. While soldiers are typically in superb physical
shape, the added weight induces both fatigue and reduced mobility. PUUMA can offer soldiers the ability to wear
more body armor and have increased mobility and endurance. In addition, recreational hikers and park rangers
could hiker further with less fatigue. Police, security personnel and hikers may also benefit by wearing PUU-
MAs.

Many researchers have studied walking and running. Although hundreds of papers have been written, it is
surprising how little is known about the walking process from an energy consumption point of view. Even
research in the amount of mechanical work required to walk at a given speed is full of inaccuracies. A mechan-
ical engineer may ask questions such as, "What is the power consumption in joules/second of a person of mass
M walking at V meters per second." In the walking research world, researchers measure metabolic energy con-
sumption by measuring the oxygen consumption for a certain activity and subtracting the oxygen consumption
when that individual is at rest. [33] A conversion factor between oxygen consumption and energy consumption
can be created by placing a person on a device which can measure the amount of work done. This conversion
rate of 02 consumption to mechanical work is at best a gross approximation and is subject to a large variance.
For example, in many human activities, muscles contract to create a force (e.g. standing with bent knees) which
increases 02 consumption but produces no work.

In both walking and running, torso weight is alternately transferred between the left and right legs. At the
beginning of each step (characterized by the heel of the new stance leg first touching the ground), the torso is
both moving forward and downward. The function of the stance leg after heel strike is to change the downward
velocity from a negative (i.e. downward) to positive (i.e. upward) direction. Most of the metabolic energy con-
sumption of walking/running is consumed in this process of changing the torso's downward velocity to an
upward velocity. PUUMA utilizes a latchable knee spring to change the downward velocity of the torso to zero
following heel strike. At zero downward velocity, the knee angle is locked thereby preventing the knee spring
from immediately returning the stored energy back into the torso. At the time of knee spring latching, the angle
between the ankle and the center of mass of the torso is well before vertical. If an unlatched knee spring were to
be used, the knee spring would push the torso upward, but would also push it backward which is not helpful for
walking. Instead, the system is allowed to continue rotating around the stance leg until the time that heel lift
would normally occur. At this time, the energy stored in the latched knee spring is released into the system
thereby pushing the torso upward and forward.

Chapter Two, which discusses prior art, will show that many previous inventors have looked at this prob-
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lem. Given that no device which solves this problem is on the market, it is clear that past inventors have not suc-
ceeded in finding a solution. One of the first questions is "Why not?" This author believes the reason is twofold.
First, there appears to be a limited understanding of the interplay between kinetic energy, potential energy and
leg thrust during the walking process, especially after heel strike. Second, advances in microprocessors, high
speed computers, advanced composite materials, and MEMS sensors allows complicated ideas to be imple-
mented more easily. It is the premise of this thesis that gaining a good understanding of the walking/running pro-
cess from a theoretical viewpoint and then applying modem technological advances will allow for the creation
of a practical device.

Chapter Three introduces a simplified theory of walking. Idealized human system models are introduced in
which the torso/backpack is a point mass situated at the end of the left and right legs. Each leg consists of a mass-
less shank and massless thigh with a torsion spring at the knee joint. One end of the torsion spring is connected
to the thigh. The knee joint is augmented with an implementable mechanism which has four properties:

* a microprocessor controlled mechanism to couple the shank to the other end of the torsion spring;

* a mechanical mechanism to freeze the knee angle when the energy stored in the spring is maximized;

* a microprocessor controlled mechanism to release the energy stored in the spring;

* a microprocessor controlled mechanism to dissipate energy created during periods of positive work.

While perhaps not obvious, the mechanisms mentioned above allow the thigh and shank to rotate freely.
This mode of operation is required after toe off to allow the leg to bend during the swing phase of each step. In
one design alternative, a torsion spring and control mechanism is situated on either side of the knee. If the spring
constant of one side is twice that of the other side, programmable spring constants of IX, 2X and 3X can be
achieved.

With this simplified model, it is possible to study the kinetic, potential and knee spring energy transfers dur-
ing the entire walking cycle. Simulations were conducted because no analytical solutions to the non-linear dif-
ferential equations were found. The simulations show that the percentage of kinetic energy that must be absorbed
by the stance leg is significantly larger than would be intuitively expected and highly dependent on the angle of
the heel strike leg. Moreover, the simulations show that if the knee spring constant value is appropriately chosen
based on walking speed and torso mass, the maximum energy transfer to the knee spring occurs just as the hip
joint is directly over the ankle joint. If the knee spring constant is properly chosen, the step cycle is both lossless
and has identical beginning and ending conditions. The simulations also show that with a fixed knee spring con-
stant and the mechanisms described above, it is also possible to achieve a step cycle which is both lossless and
has identical beginning and ending conditions. Freezing the knee angle when the energy stored is maximum and
then releasing the spring at the proper time using microprocessor control appears to be simpler than developing
a spring having a selectively programmable spring constant.

There is value in understanding why the bicycle is the most efficient locomotion device yet created (and
likely to remain so). It gains its efficiency from three factors. First, to decelerate, the bicycle rider dissipates the
kinetic energy as heat using brakes. In contrast, the walker decelerates by supplying a force in a direction oppo-
site to the velocity. While this in theory should create positive work usable in a later part of the walking cycle,
the walker must consume metabolic energy to supply the force even though it is in a direction opposite to the
velocity. Secondly, in bicycle riding, there is virtually no work consumed in supporting the torso weight moving
parallel to the ground while moving at a constant velocity. In contrast, in walking there are significant periods
of time during each step where the leg muscles must supply a force (costing metabolic energy) which nets no
mechanical work. Finally, in a bicycle, a significant percentage of the downward and upward leg thrust used to
drive the bicycle is converted into a thrust perpendicular to the gravitational vector. In walking, only a small per-
centage of leg thrust is converted into forward thrust. Since PUUMA addresses only two of these factors, it is
extremely unlikely that the device will ever be as efficient as the bicycle. While not as efficient as a bicycle,
PUUMA is likely to allow for substantially improved metabolic efficiency over all terrain operation and may be
less expensive, smaller and of lighter weight than a bicycle.
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This thesis is organized into seven chapters. Chapter Four discusses the requirements for the device and
suggests optimization metrics. Chapter Five discusses various alternative architectures and weighs the decisions
for choosing one alternative over another. Chapter Six introduces a preliminary design for the device and
describes the fabrication and testing of certain key components. Finally, Chapter Seven concludes the thesis with
observations, planned future work and opinions on device feasibility.
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2 Prior Art
Given that walking/running is one of man's most common activities, it should not be surprising that inven-

tors have created mobility assist devices in the past. These devices can be classified as either powered or unpow-
ered. Since PUUMA contains a power source for the control electronics and activation mechanism, it must be
placed in the powered category although it supplies no power to the walking/running cycle. This thesis shall
accordingly focus the prior art descriptions on unpowered assist devices.

Research groups have been working on developing powered lower limb exoskeletons for more than two
decades. Vukobratovic created a hydraulically powered exoskeleton (1968), a pneumatically driven exoskeleton
(1970-1973), an electrical exoskeleton (1974), and a compact computer controlled active suit for dysthrophics
in 1980. Ruthenberg (1997) developed a powered gait orthosis (PGO) having one degree of freedom run by a
linear DC motor. A dynamic knee brace system was developed by Irby (1999) which allows flexion during
swing, with restrictions during stance. It featured foot switches as inputs and a finite state controlled linear sole-
noid to control the knee. Recently, an intelligent orthosis was developed by Suga (1998) that controls the amount
of resistance to joint movement using a rotary encoder and heel switch.

In 2001, DARPA initiated a $50M five year pro-
gram to develop a powered exoskeleton for military
applications. An artist's rendition of the system is
shown in Figure 2.1. The goal of the device is aug-
mentation of a soldier's load carrying capability
especially carrying body armor and climate control
systems. Kazerooni's group at Berkeley (one of the
DARPA contract winners) recently demonstrated a
backpack carrying system called BLEEX (shown in
Figure 2.2) which allows a soldier to carry a 300
Newton backnack with significantly less metabolic

W900o"Im- energy than without the device.
Figure 2.1 A - - - T T I

AIL-N a pa~LZILt seatua, 11111U U> VdLU~lLno apptd [e UC Figure 2.2
applicable PUUMA prior art. All of the devices except two appear to be impracti-
cal to the point that no commercial exploitation has resulted from the patent. One of the patents resulted in a
device called Flexfoot, an unpowered prosthetic targeted for amputees. Movies of amputees racing with the
devices are remarkable. Another device called SpringWalker, was created with the promise of being the "Ampli-
fied Man". The complexity of the device appears to have resulted in extremely limited commercial success.

This chapter discusses a few devices which form the basis of PUUMA prior art, primarily Flexfoot, Spring-
Walker and two of the nine patents examined. One of the patents discusses a leg propulsion assistance device for
improving human mobility, while the other discusses an energy efficient running brace.
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2.1 Flexfoot

Atter an extensive search tor products wnicn nave smilarn-
ties to PUUMA, the only product found having some of the
metabolic energy reduction characteristics of PUUMA was
Flexfoot. Flexfoot is the trade name for a lower leg pros-
thetic targeted for amputees manufactured by Ossur Inc., an
Icelandic company. The Flexfoot patent (US #4822363)
issued in 1989, gave rise to a product family which now has
many variants. A diagram of one of the family members is 
shown in Figure 2.3. An above the knee prosthetic showing
the complexity of a typical prosthetic is shown in Figure 2.4.

Figure 2.3 Ilextoot has been quite successtul both trom a commercial A
standpoint and by notably improving the quality of life for Figure 2.4

amputees.

Pictures of runners wearing the Flexfoot while competing in races are shown in Figures 2.5 and 2.6. Flex-

Figure 2.5 Figure 2.6

foot allows amputees to run surprisingly quickly. Although their stride is noticeably different, some can run 100
meters in under 11 seconds! The Flexfoot spring scheme works by the following two principles: [21]

1. Downward thrust of the torso compresses the spring thereby storing energy which is natu-
rally released after the maximum flexure point is reached. At each speed, the Flexfoot wearer
adjusts his/her leg angle at heel strike to make the maximum flexure point occur when the
torso apex point is reached. This is why Flexfoot runners have uneven gaits and why Flexfoot
has much more limited benefits at lower speeds.

2. Flexfoot also transfers forward kinetic energy of the torso into the spring and effectively mechan-
ically latches that energy until the onset of heel lift. Unfortunately, only a small fraction of met-
abolic energy can be captured using this effect, but competing devices offer no comparable
energy storage and release.

Notwithstanding the success of Flexfoot, it does have deficiencies. There is only one speed and heel strike
angle combination that causes the wearer to reach system apex just at exactly the same time as maximum spring
compression. This limited speed and heel strike angle relationship places limitation on the wearer's ability to
gain maximum metabolic energy reduction. Second, as in almost all existing prosthetics, the angle between
shank and foot is fixed. The author has personal knowledge that this "feature" can create significant gait prob-
lems when compared to a prosthetic which dynamically varies the ankle angle. A new Ossur product (invented
at MIT) addresses the issue by dynamically controlling the knee.

Page 9
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2.2 SpringWalker
SpringWalker is a self-actuated spring-action bipe-

dal device which includes a back-mounted frame
attached to the upper torso of the user with articulated leg
frames attached to the lower portion of the back frame.
US Pat. No. 5,016,869 describes the invention. Unlike
the inventions described in subsequent sections, the
inventors actually fabricated SpringWalker and started a
company (Applied Motion, Inc.) to commercialize the
technology. A picture of a man wearing SpringWalker
and a diagram taken from the patent are shown in Figures
2.7 and 2.8 [25]

Given the complexity of the design, it is amazing
that the inventors were able to actually create a working
prototype. After reading the patent, it becomes clear that
the governing design problem their invention addressed
was how to disengage the energy capture spring at the
start of leg swing. Their clever solution also yielded a
single spring design. While extremely innovative,
SpringWalker does have deficiencies.

SoringWalker is extremely clumsy to use becrnise
the user is balancing on feet other than his own without
the ability to engage the control muscles normally used in walking. The wearer is perched substantially above
ground level, making potentially falls more dangerous. The system is also likely to take a substantial amount of
time to put on and take off. Like the Flexfoot, with a fixed spring constant, there is a fixed relationship between
speed and heel strike seg angle at which the stored energy of the spring reaches a maximum at the same time
system apex is reached. When the speed/heel strike angle is not matched to the spring constant, metabolic energy
is required to compensate. All things considered, however, the author's hat is off to the SpringWalker inventors
for creating such a neat machine.

2.3 Patent Number 4,872,665
44 ~A leg-propulsion assis-

tance device for improv-
ing human mobility was

3ca• ~ ~filed by a French inven-
--- - I fO/l ' I -t. T TC - -.

L Ir I l YOO. ne u rat.

No. 4,872,665, granted
in 1989, shows many

J o ~innovative ideas and on
the surface has
DI II INA A 11 ... . .

4

r U UIVI-_-II&K ptvpt--

ties. Diagrams showing
a wearer of the device
standing, running on
level rnlind iumninc

Fieur Cn- l r-ImJni .nh -11 re
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shown in Figure 2.9. Note that no drawing is shown of the wearer running downhill nor negotiating steps for
obvious reasons. [24]

The device provides a saddle supplied with a hip fastening mechanism to support the torso weight during
the stance phase of each step. A saddle joint allows for the swiveling movement of two telescopic rods. These
telescoping rods can provide an extension force which is derived from a compressed spring or fluid generated
under pressure. A link arm at the end of the telescoping rod transmits the extension force to the toe of the user's
foot. A mechanism at the link arm telescoping rod joint allows the link arm and foot to be raised at the onset of
the swing phase of each step. With allusions to springs and joints disconnecting the spring at the start of the
swing phase, the inventor appears to have solved several of the core ideas addressed in PUUMA. With respect
to storing and releasing the heel strike torso descent energy, the patent discloses:

"This is why one of the functions of the device according to the invention is to recuperate the energy called
into play at this moment so as to restore it during the propulsive phase. For this to occur, the individual must
allow himself to sit on the saddle of the device and during this phase must only exert the minimum amount of
muscular efforts required to ensure his equilibrium. The device stores energy either through the compression of
its propulsion spring or by the compression of a bladder containing a gas, as shall be seen subsequently. In both
cases, the alighting absorption function following the leap is also properly respected, thanks to the elasticity of
the storage processes."

No mention is made of the type of fluid/gas, nor are the sizes of the piston/spring components included in
the patent. Unlike Flexfoot which does not allow the spring constant to be actively changed, the use of a com-
pressible fluid such as air could potentially provide a mechanism for dynamically changing the system spring
constant. Given the vagueness of the implementation details, it is difficult to know whether the patent is appli-
cable to PUUMA or not. It should be noted that the primary thrust of the invention was directed toward a pow-
ered system which enhanced a user's performance, not for passively reducing the metabolic energy of
walking/running.

2.4 Patent Number 4,967,734
Of the prior art examined, the patent for an energy-efficient running brace (filed in 1988), comes the closest

to utilizing the ideas upon which PUUMA is based. As a summary of the invention, the patent states that the
running brace transmits the force and energy of the runner's impact from a pelvic harness to a storage means in
the running brace and the release of that energy at the proper time to contribute to the thrust of the runner off the
running surface. It is not clear whether the inventor really understood the interplay between kinetic, potential
and leg energy during the patent write-up but he gets most of the concepts correct. Unfortunately, the emphasis
on running severely limited the application of his invention. The five claims of the patent are given below. Note
that claim one introduces a mechanism to augment the amount of foot impact stored energy by means of the run-
ners's other limbs. One potential reason is the existence of a patent (U.S. Pat. No. 2,206,234) granted 1940 enti-
tled an Invalid Walking Aid Apparatus. This patent discusses a brace which extends from the foot to the upper
leg and has a spring to cushion the impact of foot strike. The patent is dismissed with the comment that contact
with the ground is made via a pair of feet each of which is similar to the foot of a pogo stick. [22]

Pat. No. 4,967,734 Claim 1. "In an energy-efficient running brace comprising brace means for supporting
and protecting a runner's legs during impact on a running surface and for storing the impact energy for release
during thrust, and harness means for attaching the runner's body to said brace means, the improvement compris-
ing auxiliary transmission means for transmitting during flight to said brace means energy generated by move-
ment of the runner's limbs other than foot impact energy, and for releasing said non-foot-impact energy during
take-off from said running surface and storage means connected to said brace means for storing said non-foot-
impact energy during flight."

Pat. No. 4,967,734 Claim 2. "the improved energy-efficient running brace of claim 1, wherein said brace
means comprises:
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* an upper brace rotatable connected to said harness means; and

* a lower brace coupled to said storage means for compressing said storage means and for transmitting
said non-foot impact energy from said running surface to said storage means during take-off."

Pat. No. 4,967,734 Claim 3." The improved energy-efficient running brace of claim 2, wherein said auxil-
iary transmission means comprises:

* a storage station proximate to said storage means for using said non-foot-impact energy to compress
said storage means; and

* a work station proximate to said limbs for allowing said limbs to work against said storage means by
transmitting said limb force to said storage station."

Pat. No. 4,967,734 Claim 4. "The improved energy-efficient running brace of claim 3, wherein said storage
station comprises a first energy storage means and a second energy storage mans, each of which comprises:

* a hydraulic transmission mechanism attached to said upper brace;
* a bottom plate rigidly attached to the bottom of said hydraulic transmission mechanism and to said

upper brace;

* a ratchet plate rigidly attached to the top of said hydraulic transmission mechanism wherein said
ratchet plate moves said lower brace upward, thereby compressing said storage means during flight;
and

* storage station ratchet/release means attached to said lower brace through a slot in said upper brace and
attached to said ratchet plate for allowing said storage means to expand at the beginning of take-off
from said running surface."

Pat. No. 4,967,734 Claim 5. "The improved energy-efficient running brace of claim 3, wherein such storage
station comprises a first energy storage means and a second energy storage means and where said work station
comprises:

* a center plate rigidly attached to said lower brace in the vicinity of said limbs;
* an upper hydraulic transmission mechanism located above said center plate and rigidly attached

thereto;

* a lower hydraulic transmission mechanism located below said center plate and rigidly attached thereto;

* a top bellows plate rigidly attached to the top of said upper hydraulic transmission mechanism;
* a bottom bellows plate rigidly attached to the bottom of said lower hydraulic transmission mechanism;
* an upper hydraulic tube connecting said upper hydraulic transmission mechanism to said storage sta-

tion;

* a lower hydraulic tube connecting said lower hydraulic transmission mechanism to said storage sta-
tion;

* means for rigidly attaching said bottom bellows plate to one of said limbs; and

* a cable attaching said top bellows plate to said limb, wherein movement of said limb in one direction
compresses said lower hydraulic transmission mechanism between said bottom bellows plate and said
center plate, causing hydraulic fluid to flow through said lower hydraulic tube to said storage station
and causing compression of said first energy storage means, and wherein movement of said limb in the
opposite direction compresses said upper hydraulic transmission mechanism between said top bellows
plate and said center plate, causing hydraulic fluid to flow through said upper hydraulic tube and caus-
ing compression of said second energy storage means."

Since PUUMA utilizes torsion springs located at the knee, a microprocessor controllable mechanism to
freeze the torsion spring energy, a mechanism to free the torsion spring from the knee joint just prior to leg swing
and a means for dissipating kinetic energy (as would occur from walking/running downhill), it is questionable
whether patent infringement has occurred. Nevertheless it is instructive to examine the patent disclosure to see
an alternate early implementation.
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l he tollowing statement in the patent shows that the inventor clearly
knew why the idea of delaying the thrust until after torso apex is a
good idea. The graph that the patent refers to is shown in Figure 2.10.
"The solid curve in the figure shows the impact force as a function
of foot-contact time for the case where there is no delay between
impact and thrust. Impact occurs when the curve is rising, and thrust
occurs when it is falling. If the roll-over time (the time it takes for
the foot to roll over from the heel to the toe) is less than the impact
time, the thrust resulting from the expansion of the storage means
..... 1 w o u. 1 p u s n 1 e r n e Da c w a r 1 n i i t t v u 01 t n e s to r

250m. T would pusn te runner acKwards. ies lmits e value ot te stor-
Figure 2.10 age means spring constant, since the impact time interval is inversely

proportional to its spring constant. Thus, for high spring constant
values (high performance), it is necessary to delay the storage means release; for low spring constants this delay
is not necessary."

i ne inventor goes on to aescrine now aelay is
achieved. He introduces a ratchet/release
mechanism activated by a Sylphon bellows
(shown in Figure 2.12) and hydraulic mecha-
nisms discussing fluid transfers. Note that no
mention is made of the amount of energy
needed to release the stored energy nor the
forces on the ratchet mechanism. The only
energy storage mechanism associated with
the knee is described with reference to the fig- Figure 2.12
ure shown in Figure 2.11.

The patent is also instructive in what was left out of the disclosure. In particular, no
mention is made of how the system is controlled, or how the energy storage mech-

Figure 2.11 anism is disconnected from the exoskeleton during the leg swing phases. One can
only conclude from reading the patent that it is unlikely that a working prototype

was ever constructed.

2.5 Comments on Prior Art
In addition to the patents described above, there were numerous patents involving shoes and springs.

[26,27,28] In all these prior art patents the concept of absorbing the energy of the descending torso at heel strike
and then releasing that energy was considered to be a good idea. It is also clear that the implementation of this
concept along with a mechanism for releasing the leg during the swing phase of each step has eluded the various
inventors. Patent No, 4,967,734 clearly comes closest to understanding the requirements but does not disclose a
practical implementation. In fairness to these past inventors, the current availability of simulation tools, high
speed computers, microprocessors and composite materials, coupled with a better understanding of the walk-
ing/running process makes designing a system significantly easier.
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3 Simplified Walking Theory
It is well known that the largest component of metabolic energy consumption in walking and running is

associated with producing the upward leg thrust during the stance leg torso support. [33] This period starts at the
time that the heel of the new stance leg touches the ground and terminates when the toe of the stance leg leaves
the ground. During this period, there is an interaction between kinetic and potential energy of the torso and
energy absorbed and released by the stance leg. This chapter introduces models, simulations and explanations to
shed light onto this poorly understood interaction.

To gain insight into this interaction, a model is introduced which appears to yield anthropomorphic behavior
yet is simple enough to simulate. The model consists of a point mass torso/backpack residing at the end of a leg.
The leg is composed of massless shank and thigh elements of equal length with a torsion spring joining the two
leg elements at the knee. The spring produces a torque proportional to the knee angle. With this model, the thrust
produced by the leg is directly proportional to the spring constant and has an x/Sin[x] knee angle dependency. It
should be noted that the human leg can produce a leg thrust which is controllable from zero to approximately
five times the person's weight. [37] Moreover, it is clear from ground reaction force measurements that leg thrust
is dependent on speed and varies during the walking/running cycle. Simulations will show, however, that the
simple model behaves in a surprisingly lifelike manner.

Simulations will show that two alternative schemes demonstrate lossless walking in the simplified walking
model. In one scheme, the spring constant of the knee spring is selected such that the maximum energy absorp-
tion of the spring occurs precisely at the time that the hip is directly over the ankle. It should be noted that cre-
ating a knee spring which can store 150-200 joules of energy, can flex millions of times, and has a
microprocessor controllable spring constant is technically challenging. In the alternative scheme, the torsion
spring is augmented with a mechanism which mechanically freezes the knee angle at maximum energy storage.
Later in the walking cycle, a microprocessor activates a release mechanism which immediately releases the knee,
thereby releasing the stored energy into the system. The result is a walking cycle which to a first order has zero
energy dissipation.

This chapter has nine sections. Section 3.1 describes the basics of the walking cycle and the tools used in
simulating the model. Section 3.2 describes some fundamental laws governing the horizontal and vertical ground
reaction forces. Section 3.3 analyzes measurements of joint angles taken from the literature and introduces the
concept of a seg (Synthetic Leg) which has been found to be extremely useful in describing walking behavior.
It then shows how examining seg behavior allows for simple computation of the energy consumed in changing
leg swing direction. Section 3.4 describes accepted formulas of energy consumption versus speed. Section 3.5
creates a first order model of the torso velocity and tilt angle of the torso velocity at the moment of heel strike
versus speed. Section 3.6 discusses the energy transfer interaction between kinetic, potential and knee spring
energy following heel strike. Section 3.7 shows the amount of kinetic energy transferred to the knee spring as
the heel strike leg angle is varied. Section 3.8 focuses on the relationship between leg stiffness and kinetic energy
transferred. Finally, Section 3.9 shows that there are two schemes which result in lossless walking/running.

3.1 Modeling Gait Behavior
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A widely used illustration of a woman's stride is shown in
i~.v i,% !;-%~7l Figure 3.1. [33] By definition, a stride starts at heel strike of

one foot and continues through to the heel strike of the same
foot. In walking, heel strike initiates the double support phase
where weight is transferred from one stance leg to the new
stance leg. Most researchers accept a Weight Transfer Epoch

.. (WTE) of 12% of the stride period although simulations show
.(.... 6. ,_, 1, .. ,.1.. .. a much wider variance. [33] During and following WTE, the

F(1,~oo ....,:.~Figure 3.1 torso rotates around the stance leg ankle until the next heel

strike. System apex is defined as the point where the hips are directly over the ankle. Typically, a person plan-
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tarflexes the foot shortly after the apex point which initiates heel lift. Heel lift is an important aspect of gait
because it dramatically affects metabolic energy consumption. Studies have shown that for the majority of a step
period, little activation of the leg muscles occurs. Rather, most muscle activation and corresponding metabolic
energy consumption occurs during WTE. [33]

Modeling a system with conventional rigid body simulation tools is challenging. The author could not find
a simulation analysis of a human model that covering the WTE. The normal mechanism for system modeling is
to terminate one analysis at the onset of the WTE epoch and begin a second analysis at the end of the WTE.
During the WTE, linear and angular momentum are conserved and collision losses are introduced to model WTE
behavior. This energy loss manifests itself by changing the rigid body initial conditions to reflect the energy
losses during WTE. Since the leg muscles produce significant forces during this period, it is extremely important
to model the WTE in its entirety.

3.2 Fundamentals
The simplest system model consists of a point mass representing the torso with force vectors representing

leg actions. Although the model is extremely simple, it provides surprising insights into the walking/running pro-
cess. The system at five different points during a step period is shown Figure 3.2. Shortly after heel strike, the

Point Torso Mass Point Torso Mass Point Torso Mass Point Torso Mass Point Torso Mass

old stance leg
force vector

new stance leg
force vector

old stance leg new stance leg
force vector force vector

new stance leg stance le stance leg
old stance leg force vecto force vcr vector
force vector 

Beginning WTE Midway in WTE End of WTE At Torso Apex At Heel Lift
Figure 3.2

new stance leg produces a small force supporting the torso while the majority of the weight is still supported by
the old stance leg. Midway during WTE, the old and new stance legs support the torso weight about equally.
Near the end of the WTE, most of the torso weight is supported by the new stance leg with only a small fraction
supported by the old stance leg. Shortly after WTE, the old stance leg rapidly begins swinging forward to prepare
for its next heel strike. From the end of the WTE to the beginning of the next WTE, the torso is solely supported
by the stance leg. At system apex, the system horizontal velocity is at its minimum and the stance leg thrust vec-
tor points directly upward. Sometime after system apex, the person excites the calf muscle causing the angle
between shank and foot to increase. This action causes the heel to lift off the ground. After a little thought, this
model yields several important force properties.

While the torso mass will bob up and down throughout the step period, in order to maintain a constant aver-
age height above the ground, the average vertical component of leg thrust must equal torso weight. If this were
not true, then an average acceleration upward or downward would occur and the torso would not maintain a con-
stant average height above the ground. Similarly, while the horizontal velocity of the torso increases and
decreases, the average net horizontal force produced by leg thrust must exactly zero. If this were not the case,
then the average acceleration horizonally would not be zero and the system would change its average velocity.
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The implications of an average
vertical force vector equal to the
torso weight have interesting impli- 
cations with respect to the value of c
the net vertical force vector during
each step. Vertical ground reaction
forces (FgrfV) for walking and run- M

ning are shown in Figure 3.3. [38,
39] The average FgrfV for both gaits
equals the torso weight W.

left right

Fpk

% Walking Stride Interval % Running Stride Interval
Figure 3.3

Several observations can be made:

1. FgfV during mid step varies widely, from being equal to the torso weight when standing to
zero in running. This should be expected because the centripetal force on the torso reduces
the effective torso weight as the speed is increased. The transition between walking and run-
ning could be defined as that speed at which no overlap occurs between FgrfV of the left and
right legs.

2. The amount of time that the stance leg can remain in contact with the ground decreases as the
speed increases because the legs are of fixed length. This means as speed increases, the peak
Fgrfv must also increase to maintain a constant average Fgrfv equal to the torso weight.

3.3 Gait Measurements.
Extensive literature is available on measurements of thigh, shank, and foot joint angles. However, the over-

whelming majority of these measurements provide only qualitative measurements, meaning that the joint angle
functions show the relationship between changes in one joint angle to another. Most often, the joint angles are
shown without a grid thus limiting a reader from gaining insight to the actual value of a joint angle at an inflec-
tion point. Of the very few measurements published with labeled vertical and horizontal scales, the joint angle
functions appear to be inconsistent. For example, the joint angles shown in this section exhibit knee hyperexten-
sion. In addition to measurement inconsistencies, additional information such as the persons mass, sex, age,
mass distribution, moments of inertia etc. are usually missing. Nevertheless, analyzing measured joint angle
functions does give insight into walking behavior as we shall show in this section.

In one paper discussing gait behavior of walking backwards, curves of the joint angles were given for a
stride period of 1.2 seconds and a velocity of 1.4 meters per second. [36] The paper specifically indicated that
the angles were relative to vertical and horizontal axis. No other information was supplied such as whether the
curves pertained to a single person or whether they were group averages, or the age or sex of the person/group
or even the leg length. These curves were scanned from the original paper, rotated to give the best fit to the hor-
izontal axis and then manually digitized using calipers. Functions of the foot, shank and thigh curves were cre-
ated and are shown in Figure 3.4.

Seconds
Foot Angle vs Time
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Seconds Seconds
Shank Angle vs Time Thigh Angle vs Time

Figure 3.4
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Inconsistencies can be seen after a quick inspection of the data. For example, the foot is obviously resting
on a flat surface during the interval between 0.15 and 0.4 seconds. A corrected foot angle function can be gen-
erated by subtracting 15 degrees from the foot data. The person's knee angle equals the difference between the
thigh angle and the shank angle. Since the knee cannot hyperextend, the shank data needs to be corrected to pre-
vent hyperextension. The concept of a Seg (synthetic leg) which has been found useful in describing walking
behavior will now be introduced. The Seg connects the ankle and hip. It varies in length during the walking cycle
as the knee bends. Neglecting abduction and adduction of the pelvis, the hip sockets of the left and right segs at
heel strike must be at the same height at heel strike. This requires a shift of the seg angle data. When these cor-
rections are made to the digitized data, the corrected foot, knee and seg angles are as shown in Figure 3.5.

0o2 0 o /
20 = - _ _

-40.- __~~~~~~~~~ -

0to

10\ \
-1m 5 _

-2 
-30

Seconds 0.2 eco 8 I Seconds
Corrected Foot Angle vs Time Knee Angle vs Time Corrected Seg Angle vs Time

Figure 3.5

There are many observations which can be made of these graphs. At heel strike, the foot angle is about 20
degrees and ramps down to zero (the foot flat state) during WTE. Assuming a 12% WTE, it is clear that the torso
continues to descend even after the end of the WTE epoch. The torso reaches zero vertical velocity at around
0.225 seconds when the seg angle becomes zero. The zero vertical velocity point occurs at a seg angle of 3.4
degrees. System apex occurs at around 0.25 seconds. Since the next heel strike occurs at 0.55 seconds, the person
begins the heel lift process at around 0.38 seconds, substantially after system apex of 0.25 seconds. Note that the
knee is not fully extended prior to heel strike (i.e. it is flexed at around 10 degrees). This implies that some met-
abolic energy is consumed maintaining the torso weight on a flexed knee.

During the WTE (i.e. 0.55<t<0.67), the foot plantarflexes 45.6 degrees. This plantarflexion of the foot
applies both an upward and forward thrust to the torso. Note that the foot continue to plantarflex by another 33
degrees until 0.75 seconds even though it is not touching the ground. Between 0.75 seconds and the end of the
stride at 1.1 seconds, the foot dorsiflexes by more than 90 degrees in preparation for the next heel strike.

The seg angle curve of one leg shifted in time by 0.55 seconds and superimposed with the unshifted seg
angle curve is shown in Figure 3.6. Interesting observations can be made with this data. The first is that the left
and right segs rotate with near constant angular velocity during stance and swing phases (1.43 radians/sec and
2.84 radians/sec respectively). If reasonable estimates of the leg's moment of inertia are made, the mechanical
power consumption of leg swing changes can be calculated to be about 10 watts. Assuming a torso mass of 100
kilograms, leg swing directional changes constitute about 10% of the body's forward kinetic energy at 1.4
meters/sec.
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Left and Right Seg angles vs time over two strides
Figure 3.6

Page 17

v)
a)

6)
30

20 -

10 ! . . I . . . . . . . . . -



3.4 Walking Energy Consumption
There are many papers that examine the metabolic energy consumption of humans. [33] The most com-

monly accepted mechanism to assess metabolic energy consumption is to measure oxygen consumption during
a particular activity. A formula is then applied to estimate metabolic energy consumption. This formula is likely
derived from measuring the amount of oxygen consumption need to perform some activity where the mechanical
work can be directly measured. In another approach, force sensors are attached to volunteers walking on tread-
mils to measure the mechanical work produced. A few papers introduce mathematical models to assess energy
consumption versus speed relationships. In general these mathematical approaches always attempt to recreate
the results of oxygen consumption measurements rather than an independent analysis.

/ B~~~od tital
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Figure 3.7

Measurements have been attempted of the mechanical work
produced by body components during walking. Shown in Fig-
ure 3.7 are the energy versus time results of body component
energies of a 59 Kg woman walking at 1.22 meters per sec. [33]
Work per step corresponds to 49 watts giving rise to a power
consumption formula of 0.57 V2 watts/kg. Considering the
number of variables introduced in the mechanical work mea-
surement apparatus, it should not surprise the reader that these
mechanical energy measurements do not correlate well with
oxygen consumption measurements.

Measurements of oxygen consumption during walking for
various speeds are shown in Figure 3.8. At low speeds, researchers
appear to agree on the quadratic growth of energy consumption
versus speed. At higher speeds, however, there appears to be some
disagreement. Ralston measured a range of subjects and used
curve fitting to derived the formula:

Pwalking 2.232 + 1.256 V2 watts/kg

The 2.232 watts/kg represents the static power consumption
of an individual to power activities such a heart, breathing, etc.
The 1.256V2 term represents the differential energy cost of walk-
ing. Zarrugh created a hyperbolic equation which is a better fit for
the energy consumption of walking at higher speeds. [33] The

Pwalking = 1.953 watts/kg
( 1 -V2/V0
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author has come to the conclusion that accurate formulas which describe the metabolic energy consumption of
humans walking and running at various speeds are still in the unknown area of science.

3.5 Geometric Constraints
Studies have been made of volunteers walking at constant velocity on a treadmill to determine their pre-

ferred step length for various walking speeds. Measurements indicate that the step frequency is proportional to
the velocity raised to the 0.58 power with a proportionality constant of 1.539. [16] In the following discussion,
we create a first order model using this relationship between step frequency and velocity to determine the for-
ward and downward velocity of the torso at heel strike. Of particular interest is deriving the velocity and direc-
tion of the torso at heel strike as functions of forward velocity.
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Figure 3.9

A simplified model of the legs and feet at heel strike is shown in Figure 3.9. The
model assume no height difference between the front and rear footprints. If both feet
are flat on the ground at heel strike, the seg angle of the two legs is identical. When
heel lift of the rear leg and dorsiflexion of the forward leg is considered, the seg
angles of rear and front legs will be unequal. For example, if the rear foot is in its foot
flat state when the front foot is dorsiflexed, the rear leg seg angle will be smaller than
the front leg seg angle. Similarly, if the heel of the rear foot is lifted off the ground
while the front foot is in its foot flat state, the rear leg seg angle will be larger than
the front leg.

Since a person has some degree of control of the rear foot heel lift, it is not clear which of the two seg angles
is greater than the other. After an extensively search of the literature, there appears to be no study done on the
dorsiflexion and heel lift angles at heelstrike regardless of speed. Based upon analytical measurements, it will
be assumed that the heel lift angle in degrees equals K times the forward velocity in meters per second for values
of K=0, 14 and 28. The front and rear seg angles as functions of velocity are shown in Figure 3.10.

4a K=O ~~~~~~~~~~~~~~~~~~~~~~~,,...K=28
_._.3~ _ K=14

301 30

2a
~20 2~~~~~~~~~~~~0-I

0.5 1 1.5 2 2.5 0.5 1 1.5 2 .. 5
Seconds Seconds

Front Leg Seg angle vs Time Figure 3.10 Rear Leg Seg angle vs Time

An exact determination of the horizontal and vertical velocity of the torso at heelstrike is quite challenging
and substantially subject to modeling accuracy. It is straightforward to create a first order determination of the
horizontal and vertical velocity by making several simplifying assumptions:

1. The velocity used to compute seg angles equals the torso velocity when the hip is directly
over the ankles;

2. The amount of energy pumped into the system via heel lift is negligible;
3. The velocity angle is orthogonal to the line joining hip and toe axle.
4. The effect of the swinging legs on the system energy is negligible and the system energy equals

that of the torso and backpack concentrated as a point mass at the hip.
11 r:., .1_ _ _ · I _ _ ,_ _ _ _1 ·~___. ~ _~~_

wltn tese ilrst order assumptions, tne system 401-
energy at heel strike equals the system energy when the
seg angle is zero plus the change in potential energy ,, 31
resulting from the hip at heel strike being below the hip ' om

height when the seg angle is zero. Assuming a 800 New-
tons man is carrying with a 450 Newton back pack, the
total system energy at heel strike and the total system

1

.. System Energy
at Heel Strike

'5System Energy
at Apex

energy at system apex is shown in Figure 3.11. 0.5 econds 2 25

Note that the ratio of torso velocity at heelstrike to System Energy at apex and heelstrike vs speed
velocity at apex appears to grow quadratically as the Figure 3.11
velocity goes to zero. Since the model assumes no pelvic abduction/adduction affects in the model, this should
not be surprising. On the other hand, since the amount of metabolic energy at very low velocities is also very
small, this modeling problem is only of academic interest.

Heel lift significantly reduces the metabolic energy of walking. Two stick drawings of the front and rear
segs together with the rear foot with and without heel lift are shown in Figure 3.12. For the same step length, the
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torso falls further without heel lift thereby increasing the magnitude of the velocity at heel strike. Moreover, if
a first order assumption that the torso velocity angle is orthogonal to the line connecting hip and the rear leg's
rotation axis is made, the torso velocity is tilted further clockwise without heel lift than with heel lift. The com-
bination of a larger torso velocity magnitude and higher tilt angle of the torso velocity yields a larger Y compo-
nent of the torso velocity.

Stick drawing of legs without heel lift Stick drawing of legs with heel lift
at a forward velocity of 1.5 m/s at a forward velocity of 1.5 m/s

Figure 3.12

Compounding the higher magnitude and larger tilt angle of the torso velocity, the front seg angle is larger
in the no heel lift case. As will be seen in the next section, this causes a larger reduction of the forward X velocity
during WTE than with heel lift even if the magnitude and tilt angle of the torso velocity were the same. The com-
bination of larger torso velocity, higher tilt angle and larger heel strike seg angle significantly increases the met-
abolic energy required to transfer weight from the current stance foot to the new stance foot.

Since all the stick figure angles and lengths are known for each velocity, the X & Y components of forward
velocity can be computed. The magnitude of the torso velocity at heel strike is shown in Figure 3.13. The rear
seg angle (upper curve) and tilt angle of the torso velocity (lower curve) at heel strike are shown in Figure 3.14.

3- = ~~~~~~~~~~~~~~40
o 25 =_

2-~~~~~~~~~~~~~~~~~C .-_ 1 _ _ _ Q a CoE i-7-4'; e
.5 -- 5 1 ,5 5

0. 5 1 -10~~~~~~~~~~~~-2
Heel trike velocity in meters/second Apex velocity in meters/second

Magnitude of torso velocity Rear seg angle (upper curve) and
at heel strike vs forward velocity torso velocity tilt angle (lower curve)~at heel trik orwarvelcityat heel strike vs forward velocity

Figure 3.13 Figure 3.14

Note that heel lift reduces the torso velocity tilt angle by about 11 degrees for all velocities. The next section
shows that this has a significant impact on reducing the metabolic energy consumed during WTE.

Shown in Figure 3.15 are the X & Y components of the torso velocity versus apex velocity. Shown in Figure
3.16 are the normalized X & Y components versus apex velocity. For low apex velocity, the X component is
virtually equal to the forward velocity. The Y component of the torso velocity at heel strike appears to grow qua-
dratically reaching almost 50% of forward velocity at 2.5 meter/sec. Note that this implies that the torso has sig-
nificant downward energy which is normally absorbed by the thigh muscles during the WTE. For example, at
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2.5 meters/sec, the torso descent energy is over 100 joules.
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Y component (lower curve) of torso
velocity at heel strike vs forward velocity

Figure 3.15
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normalized to torso velocity
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Figure 3.16

3.6 Kinetic, Potential, Knee Spring Energy Transfer During Heel Strike
A simplified model of the WTE can be created which shows basic behavior. This model assumes that the

ankle does not move, the shank and thigh are massless, a point mass located at the hip represents the torso/back-
pack, and there is a latching torsion spring knee scheme which represents the behavior of the thigh muscles dur-
ing WTE. The torsion spring constant is chosen to cause a maximum knee angle of about 28 degrees at a forward
velocity of 1.5 meters per second.

The torso velocity and tilt angles computed from the step length versus velocity relationship can be used to
create the initial conditions to the shank and thigh angular velocity to allow simulating the system. The initial
angle of the shank and thigh can also be computed from the step length versus velocity relationship. At heel
strike, the point mass torso/backpack has a forward (i.e. +X velocity) and a downward (i.e. -Y velocity). One
would therefore initially expect the torso to move forward and downward. As it moves downward, the torsion
spring at the knee will cause an upward force on the torso thereby slowing its descent. If the upward force caused
by the knee spring is greater than the torso weight, the Y velocity will become zero.

At heel strike, the system starts out with a kinetic energy (E0) determined only by the torso velocity. As the
downward velocity becomes less negative, the torso falls causing the total system energy to increase. Also during
this period, system energy is transferred to the knee spring. A surprising amount of kinetic energy is transferred
to the knee spring. A simulation was created of the WTE for a system having a torso/backpack weight of 980
Newtons and a forward velocity of 1.5 meters per second. The seg angle of the heel strike leg, its knee angle and
the system kinetic energy versus time are shown in Figure 3.17.
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At heel strike, the system energy is 186 joules. As can be seen, the drop is system kinetic energy is quite
dramatic falling to 28.65 joules 0.35 seconds after heel strike. During the interval from heel strike (i.e. t=0), to
maximum knee angle (i.e. t=0.032), the torso falls 0.72 inches and picks up another 18 joules of system energy.
At t=0.032, system energy is 186+18=204 joules of which 110.7 joules has been transferred to the knee spring.
Following the maximum knee angle point (at t=0.032), the torso rotates around the ankle (since the knee angle

Page 21

23

.. : = = J f :

. . . .
....

. . . .

... T I
I .... I1.... 1.-. L

u I l ll

l l ll

;JI ll l ll

-
l l l

l

n.w

A.v .

~Mr-rl I

'l

-

5
to
V

I



is frozen). This torso rotation at a fixed distance around the ankle further reduces kinetic energy to a minimum
of 28.65 joules at t=0.35 seconds. Kinetic energy has thus been reduced from a maximum of 186 joules at heel-
strike to 28.65 joules when the hip is directly over the ankle, a reduction of 84.6 percent. Note that during the
entire simulation interval (i.e. 0->0.4 seconds), the sum of kinetic energy, potential energy and knee spring
energy remains constant.

A stick figure diagram of the shank and thighs at 10 millisecond intervals is shown in Figure 3.18. This
behavior of the hip motion appears to be similar to that observed in studies of human walking behavior.

0(v

o.0*
0)

10 15

Horizontal Distance (inches)
Figure 3.18

At heel strike, the downward velocity component of the torso is 0.659 meters/sec. This implies that the torso
downward energy component of the torso's kinetic energy is only 21.77 joules, 11.7% of the total kinetic energy.
Intuition might incorrectly suggest that the knee spring need only absorb about 22 joules of energy. The reason
a much larger fraction of the torso kinetic energy is absorbed by the leg is that the leg both pushes upward and
pushes backward during heelstrike. The amount the heel strike leg pushes backward is strongly dependent on
the heel strike seg angle.

In the simulation, the heel strike seg angle was 24.5 degrees. Measurements of human joint angles show
that people utilize a smaller heel strike angle than was developed in Section 3.5. For example, at 1.4 meters per
second, our simplified model predicts a heel strike seg angle of 23.9 degrees while observations suggest a heel
strike seg angle of 18.5 degrees. This discrepancy may be attributable to abduction/adduction of the pelvis which
was ignored in the simplified model. If the simulation is repeated using a heel strike seg which better matches
observed human behavior, the minimum kinetic energy increases from 28.6 joules to 73.1 joules. This suggests
that it is extremely important to understand the relationship between heel strike seg angle and loss of forward
kinetic energy. [36]

3.7 Heel Strike Seg Angle and Kinetic Energy Loss
Although Section 3.5 suggested that the heel strike seg angle was strictly determined by average forward

velocity, humans can reduce the heel strike seg angle to a surprising degree. Reduction of the heel strike seg
angle accomplished by flexion of the knee, increasing the heel lift angle, reducing front foot dorsiflexion, and
pelvic rotation in the coronal plane. So far, a 2D model was created based on preferred step length versus speed
measurements neglecting second order affects such as pelvic adduction and abduction. This 2D model shows a
reduction in kinetic energy during WTE substantially higher than is observed in human gait studies. The assump-
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tions used to create the simple 2D model were based on the intuition that the heel strike seg angle did not have
such a strong affect of kinetic energy loss. This section shows that the amount of kinetic energy absorbed in the
knee spring is strongly dependent on the strike seg angle.

A simulation was conducted where the heel strike seg angle is varied from zero to 25 degrees for a forward
velocity of 1.5 meters per second. The normalized energy transferred to the knee spring versus the heel strike
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5 10 15 20 25 5 10 15 20 25
Degrees Degrees

Normalized energy transferred Normalized minimum kinetic
to knee spring vs seg angle energy vs seg angle

Figure 3.19 Figure 3.20

seg angle is shown in Figure 3.19. The normalized minimum kinetic energy versus heel strike seg angle is shown
in Figure 3.20.

As can be seen, at a five degree seg angle, the amount of kinetic energy transferred to the knee spring is
only about 20%. As the heel strike angle increases, the amount of kinetic energy transferred to the knee spring
increases quasi linearly while the minimum kinetic energy decreases at a much faster rate. Note that for all seg
angles, the total of knee spring energy, kinetic energy and potential energy is constant.

3.8 Knee Stiffness and Kinetic Energy Loss
Section 3.2 showed that the average vertical Ground Reaction Force (GRF) must equal to the person's body-

weight. At slow speeds, where centripetal forces are negligible, the heel strike leg produces a thrust just slightly
larger than torso weight. As speed increases, centripetal force increases. At the speed separating walking and
running, the centripetal force exactly equals the torso weight. At this speed, the peak GRF must be about twice
the body weight to maintain an average GRF equal to body weight. One paper suggests that swing time reaches
a minimum of about 0.32 seconds, a runner's peak velocity is totally limited by the peak leg thrust that can be
produced. GRF measurements of Olympic 00 meter runners show a peak GRF of five times body weight. [37]

It is clear that humans modify the leg thrust during WTE dependent on speed. In the simulations done thus
far, the leg was modeled via a torsion spring at the knee which froze the knee angle at the point where the kinetic
energy transferred to the spring was maximum. Note that the knee spring constant was chosen to result in a max-
imum knee angle similar to what is observed.

A simulation was performed of the WTE for the same set of conditions as described in Section 3.6 but vary-
ing the knee spring constant (i.e. velocity at apex = 1.5 meters per second, seg angle at heel strike = 24.5
degrees). When the spring constant is small, the initial upward thrust force produced by the knee spring is sub-
stantially less than the torso weight. This implies that the descending torso actually increases its downward
velocity until such point that the upward thrust of the leg equal torso weight. As the spring constant is further
increased, a value is reached at which the upward thrust of the leg at knee angles of zero equals the torso weight.
At still higher values, the upward thrust of the leg becomes much greater than torso weight.

The normalized energy transferred to the knee spring versus spring constant is shown in Figure 3.21. The
normalized minimum kinetic energy versus spring constant is shown in Figure 3.22. Finally, the time at which
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the kinetic energy in at its minimum versus knee spring constant is shown in Figure 3.23.
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As can be seen, for small values of knee spring constant, more than 60% of the kinetic energy is transferred
into the spring. The percentage increase to almost 78% when the knee spring constant equals 340 Newton meters
per radian and then decreases to less than 60% for large values of knee spring constant. The minimum kinetic
energy has no similar maximum. Rather, the percentage of initial kinetic energy lost monotonically decreases to
less than 18% as knee spring constant increases.

3.9 Lossless Walking/Running
This thesis focuses on maintaining an average gait speed walking/running on a level surface. In addition,

because the left and right leg behaviors are assumed to be identical, the behavior of each step must be identical.
These assumptions create the following constraints over each step period:

1. Average horizontal velocity equal the target speed;

2. Instantaneous horizontal velocity at beginning of a step must equal the horizontal velocity at end
of step;

3. Average vertical velocity must be zero;
4. Instantaneous vertical velocity at beginning of a step must equal the horizontal velocity at end of

step.

While these constraints at first appear trivial, they have important implications in a system where the torso is sup-
ported for some fraction of each step period by a stance leg whose foot is pinned to the ground.

The step period is assumed to start at heel strike and consists of a stance period where the heel strike foot
is pinned to the ground and an airborne period (of zero duration in walking) where neither foot touches the
ground. During the airborne period, the only force acting on the torso is that of gravity. This implies that the
horizontal velocity at the start of the airborne epoch equals that at heel strike. In addition, the vertical velocity
at the start of the airborne epoch equals the negative of the vertical velocity at heel strike.

Heel strike starts the stance epoch of each step. Assuming the system incorporates a knee spring to create
an upward thrust to oppose the gravitational force, the stance leg produces an upward force which accelerates
the torso upwards and a backwards force which decelerates the forward horizontal velocity of the torso. Since
the average horizontal velocity is assumed to be constant, there must be some interval after the torso has reached
the apex point (i.e. hip directly over ankle) where leg thrust increases the forward horizontal velocity of the torso.

Consider a system having a knee spring to slow the descending torso at heel strike but with no latching
mechanism to freeze the knee angle. For one particular value of knee spring constant, the maximum knee spring
angle occurs at exactly the apex point. During the period from heel strike to apex, the knee spring produces a leg
thrust which slows both the downward and forward velocity of the torso. Immediately following the apex point,
the knee spring produces a leg thrust which increases both the upward and forward velocity of the torso. It is
easy to see that this system with a perfectly chosen knee spring constant produces a symmetrical horizontal and
vertical velocity profiles with respect to the time at which apex occurs.
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A system model was created with a point mass torso residing on a massless seg which rotates around a fixed
ankle point. Leg thrust is zero when the torso to ankle distance is greater than leg length. Leg thrust is positive
when the torso to ankle distance is less than leg length and is directed from ankle to torso. The amount of leg
thrust models the action of a knee spring. A behavioral model of the knee spring was created which causes the
knee spring angle to freeze when the knee angular velocity reaches zero. The seg angle is recorded at the time
the knee angle is frozen. The torso then rotates around the ankle until the seg angle equals the negative of the
seg angle recorded at the time the knee angle was frozen. When this occurs, the knee is unfrozen thus allowing
the stored knee spring energy to be released into the system.

For the first simulation, a knee spring constant is selected which results in the maximum energy being
stored in the knee spring at the apex point. The horizontal velocity versus time graph is shown in Figure 3.24.
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The vertical velocity versus time graph is shown in Figure 3.25. For this case, the step period is 0.48 seconds,
the step length equals 0.77 meters and the average forward velocity is 1.62 meters per second. Three successive
steps are shown in Figure 3.26. Note how natural the hip position versus time looks. The only unnatural aspect
of this is that the torso bobbing is almost four inches where normally it would only be about one inch.
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Figure 3.26

The kinetic, potential and knee spring energy vs time can be seen in Figure 3.27. Note that the sum of the
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kinetic, potential and knee spring energy is constant at every instant of time over the duration
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In another scheme, a knee spring is employed whose spring constant is fixed. The spring constant chosen
equals the largest value to be encountered in normal operation with the maximum backpack weight. With this
fixed knee spring, there will be only one set of conditions for which maximum knee angle is reached at the apex
point. For all other cases (i.e. lower velocity and/or lower backpack weight) the maximum knee angle is reached
prior to the apex point. Augmenting the fixed knee spring is a mechanism to mechanically freeze the knee angle
at its maximum value (freeze i.e. angle of maximum knee spring energy storage). The time at which this occurs
will always be before the apex point where the stance leg seg angle is freeze' Following the freeze point, kinetic
energy is converted to potential energy until the apex point is reached. Following the apex point, potential energy
is converted to kinetic energy until the stance seg seg angle reaches -'freeze. At point which we call the release
angle (release=lfreeze), the knee spring latching mechanism is electrically activated causing the stored spring
energy to be released into the system. From a symmetry standpoint, we expect the dynamic behavior of the sys-
tem to be identical to the behavior during heel strike except with time reversal.

A simulation was conducted of this alternative scheme. A fixed spring constant of 500 Newton meters per
radian is chosen augmented with a mechanism for freezing and unfreezing the knee angle as described above.
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The horizontal velocity versus time graph is shown in Figure 3.28. The vertical velocity versus time graph is
shown in Figure 3.29. In this simulation, the step period increases to 0.513 seconds, the step length is virtually
identical at 0.77 meters and the average forward velocity decreases to 1.501 meters per second. Note that the
interval from heel strike to maximum knee angle has been reduced from 170 milliseconds to about 70 millisec-
onds and the step period increases. This mandates that the torso rotate losslessly around the ankle for about 240
milliseconds until the knee spring release point. Three successive steps are shown in Figure 3.30. Note that the
torso bobbing has been dramatically reduced at the expense of introducing an unnatural double bump in the hip
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The kinetic, potential and knee spring energy vs time is shown in Figure 3.31. As before, the sum of the
kinetic, potential and knee spring energy is constant throughout the simulation.
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4 PUUMA Requirements
Before the architecture of any system can developed, metrics of goodness for the system must be deter-

mined. This is essential to the design process because it allows the designer to sort through ideas and quantita-
tively eliminate those that will not favorable in the long run. Metrics of goodness are critical in making design
choices and allow the designer to follow a path. In this paper, four metrics of goodness were decided upon.

1. Simplicity: Since systems that are simple are generally easier to develop, easier to debug, lower cost, more
reliable, and generally more elegant, simple designs will be weighed very highly in the design elimination
stage.

2. Weight: The whole system should be fairly light for comfort, functionality, and portability since there will
be occasions where the device needs to be carried. Although weight is a concern, it will not we weighed as
high as simplicity, and reliability.

3. Cost: Since one of the goals of this device is to provide walking assistance to those who desire it, cost is a
consideration. Since designs that can be manufactured easily are less expensive, manufacturability of the
design will be weighed fairly highly.

4. Reliability: Since the user could potentially be in a location where failure is extremely inconvenient, it is
essential that the device is reliable. Designs that cause considerable wear on components or designs with
potential high failure rates should be avoided.

Before designing the specific components of the knee brace system, the architecture as a whole must be
decided. While there is some flexibility in the design process, certain fundamental design choices must be made
before the detailed designs of the individual components are completed. Once an overall architecture is devel-
oped, it becomes substantially easier to do the detailed design. For instance, if there is a certain design constraint
(i.e. the device must fit over the legs and not interfere with leg swinging), it sets a limit for the maximum inside
width of the device. Once these limits are determined, some designs can be thrown out, because they do not meet
these predetermined constraints. Furthermore, developing the architecture for such a system allows the designer
to quickly find the critical components of the design and set aside an appropriate amount of time and resources.

In addition, there are certain design requirements that must be addressed.

1. The system must be able to decrease the metabolic energy of walking enough that it justifies designing and
building a device. It hardly seems worth the effort to design a system if the efficiency of walking can only
be improved by a few percent.

2. Since this device is primarily geared toward walking/hiking, a suitable design requirement would be that
the user must be able to hike comfortably in this device and therefore the range of motion of this device
should be sufficient so as to not greatly limit the user's activities. It is acceptable to limit some of the user's
activities such as rock-climbing. It would not be acceptable if the user could walk at only one speed, or had
to take the device off in order to sit down.

The system must also be comfortable enough to wear for extended periods of time. Since it is not uncom-
mon for hikers or military personnel to hike for eight hours a day, the system must be comfortable enough to be
used for that period of time. Tissue needs oxygen to live, and will not survive if it is subjected to high pressures
for an extended amount of time. Tissue compression and comfort will therefore be heavily weighted in design
considerations. It is also advantageous for the system to be lightweight for comfort and portability.

It is useful to consider the extent that the system will change the natural gait of the user. It is unlikely
that a system could be developed that both reduces energy consumption in walking and does not alter the look
or feel of the user's natural gait. Humans walk so often that the control of each muscle is so finely tuned that it
would be nearly impossible to make a system that does not interfere with the user's natural gait. Even making
small changes in walking conditions, such as changing from running shoes to hiking boots is noticeable. How-
ever, the body can adjust to this in a short period of time.
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Additionally, the system should be kept as simple as possible. After examining prior work done with exosk-
eletons and looking at actuator sizes and battery size, it appears that any device which actively adds power to
joints will be expensive and heavy. A powered system goes beyond the goals for such a knee brace and therefore
will not be considered. Additionally, a powered system requires relatively high power motors, and substantial
energy storage. The system will therefore be a passive device where the knee joint is not actively powered. It is
acceptable for small motors or actuators to be used, but they must not be used to power joints.

In order for the system to be easily produced, it must be able to be used by most people without the need
for custom molds of their bodies or legs since molds take a significant amount of time to produce and add to the
expensive. The device should be able to be put on and to be taken off quickly and easily without assistance.
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5 PUUMA Architecture
In humans, legs are composed of a lower shank body and an upper thigh body coupled at the knee joint.

Leg muscles provide a means for creating a torque at the knee joint which allows the a force to be applied to the
torso through the hip socket. Between the time of heel strike and maximum knee flexion, the muscles in the legs
must produce a torque on the knee which transmits a force to the torso sufficient enough to decelerate the torso.
The muscles in the legs then have to generate a knee torque to accelerate the torso after system apex. While ten-
dons act like springs, it is likely that they store and release only a small fraction of the kinetic energy lost during
the WTE. Therefore the leg muscles must produce significant forces and use a substantial amount of metabolic
energy during the walking cycle. Fortunately, a simple torsion spring both stores energy and produces a torque.
In the walking cycle, there are times where the knee must produce a torque, and there are times where it must be
able to rotate freely. Unfortunately, since this can not be accomplished with a standalone spring, an additional
mechanism must be implemented.

The simulations in Chapter Three do not take into account walking down a slope. When walking down an
incline, the torso is gaining energy. If a person wishes to walk at a constant speed, they must somehow dissipate
the energy gained. Since humans have no method of directly converting kinetic energy to heat, the muscles must
produce additional forces, which increase energy consumption. Fortunately, it is fairly straightforward to incor-
porate a brake into the device.

After examining simplified walking models and prior art, it has been determined that for the system to work,
the knee brace must have the following properties.

1. It must store the kinetic energy lost during the WTE epoch and release it after the torso has rotated past
apex.

2. It must have the ability for the knee to be in a free swing mode.

3. It must have a mechanism that allows the energy gained from walking down a hill to be dissipated.

4. It must be controllable.

The author proposes that the first three can be solved by combining a torsion spring at the knee with a
mechanism that can brake/lock the knee. The solution to the control problem will be discussed only briefly in
this paper.

There are two primary methods of accomplishing the first requirement. In first method, the spring con-
stant in the knee spring is selected such that the maximum torsion of the spring occurs just as apex is reached.
Following apex, the spring then accelerates the torso upward and forward. This method is very similar to the way
that humans walk. In unassisted walking, the effective stiffness of the leg is chosen by the body such that the
maximum flexing of the knee occurs just at apex. Since the body a limited ability to store the energy, it flexes
the muscles in the legs and converts the energy into heat at the expense of added metabolic energy. In the second
method, a latching mechanism that has the ability to lock the knee at maximum knee spring torsion is introduced.
If a large enough spring constant is selected, the maximum knee spring angle will always occur before system
apex. Later, the knee is unlocked thereby converting the energy that would have been lost at heel strike into
kinetic energy that propels the torso upward and forward.

Although the first method is more similar to human walking, it is significantly more difficult to implement.
In order for the system to decrease the metabolic energy of walking, the system needs a predetermined spring
constant, walking speed, and torso mass. If any of these conditions vary, the system will not aid in walking. It is
extremely common to walk at different speeds and carry different loads, so this system would require a spring
that could vary its spring constant based upon walking speed and load. Humans effectively do this by activating
certain muscle fibers, thereby achieving an almost infinite number of spring constants. This is not as straightfor-
ward to do in the mechanical world. It is possible to have a few springs in the system, but there would be a limited
selection, and the system's performance would suffer if the needed spring constant was not in the limited selec-
tion.
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The second method described works for a variety of walking speeds and walking loads. Although it does
not mimic human walking as closely as the first method, it is more robust and is therefore the preferred choice.

The interface with the human body is another major decision. There are two primary architectures to
consider. The first, shown in Figure 5.1, is a system that is similar to existing knee braces, but with the addition
of the spring/latch mechanisms. There is no structure that connects a backpack to the device. The second archi-
tecture, shown in Figure 5.2, attaches to the shoes of the user, has a skeleton that runs up the sides of the legs,
and has a mechanism to support the backpack. If necessary, it could have a bicycle seat for the user to sit on.

Knee Brace Architecture Exoskeleton Architecture

Figure 5.1 Figure 5.2

Each architecture has its advantages. Clearly, the first architecture is simpler than the second. The second
architecture allows all of the weight of the backpack and the torso to be transfer to the ground through the skel-
eton rather than through the knee joints. This is particularly important if the user is carrying heavy loads. It also
makes it easy to incorporate a seat into the design, if needed.

The knee brace architecture has a few problems, some of which may be a big concern. One problem is
that both the weight of the torso and the weight of the backpack is transferred through the knee joints and the
feet. Although soldiers and hikers routinely do this for relatively large loads, this could become a concern if they
carry even heavier loads for longer periods of time. In addition, the knee brace may slide along the leg and cause
chafing or discomfort. Solutions to this problem are discussed in Chapter Six. Tissue compression could be a
problem because the torque generated by the spring in the knee has to be transmitted to the body, thus requiring
surfaces to press against the back of leg. However, simple calculations shown in Chapter Six indicate that this
should not be a problem.

These two architectures are suited for slightly different applications. The first architecture would be more
suitable for the elderly, or for those carrying relatively lighter loads, while the second is more suitable for the
military or those who want to carry much heavier loads.

Although the second architecture can theoretically provide better performance, its additional complexity
makes it unattractive for a system that has not yet been developed. Since there is currently no practical system

Page 31



that decreases the energy consumption in human walking, any system that does so will be a noticeable improve-
ment, even if it has limitations. For that reason the knee brace architecture is the preferred choice.

Another important architectural decision is the location of the knee spring. There are two main designs
that must be considered. In the first design, the knee springs are on both the inside and the outside of the leg.
This results in a balanced system, but at the expense of additional components, and the risk of collision with the
inside of the other leg. In the second design, the knee spring is located only on the outside of the leg. This requires
fewer components and eliminates any problems with interference, but results in an unbalanced system. Addi-
tionally, the knee spring would have to be twice as stiff and the latching mechanism would have to hold twice
the torque.

An unbalanced system could potentially cause many problems with twisting which could lead to dis-
comfort. To avoid problems that may arise from an unbalanced system, the balanced architecture is the preferred
choice. Although there are more individual components to the system, most are duplicates and do not require
additional design. It is felt that eliminating the potential risk of an unbalanced system justifies the cost and the
complexity of having a system with additional components. The system can always be simplified by having only
an outside spring once more information is obtained from a prototype.
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6 PUUMA Design

6.1 Spring Design
Springs are made out of a variety of materials depending on the application. It is not uncommon for springs

to be made out of plastic, metal, rubber, and even composite materials. All materials have their pros and cons.
Plastic springs may have a lower energy storage to weight ratio compared to a carbon fiber spring, but they are
less expensive and easier to manufacture. The energy storage to weight ratio, the cost, size limitations, durability
and the ease of manufacturability are all attributes that must be considered in the design of the spring.

Certain materials are more suitable for energy storage than
others. Almost all materials stretch to some degree before they
break. Rubber stretches a considerable amount while ceramic
materials tend to fracture at low elongation. For a given force,
materials with a higher Young's modulus will stretch less than
materials with a lower Young's modulus. The energy storage of
a material is equal to the area under the stress-strain curve
(shown in Figure 6.1) before yielding.[2] It can be shown that
the energy storage in a material is

(a )/(2E)
y

If we divide by the density, the energy storage per weight is

(a )/(2Ep)

Oys
bE
1.
B
rA

Strain (e)

Figure 6.1

These equations show that it is beneficial to have a material that
has a low density, high yield strength, and low Young's modulus. Material properties and the energy density for
various materials are shown in Table 6.1. [32]

Material

Kevlar/Epoxy
Carbon Fiber/Epoxy

Fiberglass/epoxy
ASTM A228 steel (music

wire)
7076 T61 Al

6061 T6 Al

Tensile Strength (Pa)

1.1 OE+09

1.73E+09
8.70E+08

2.20E+09

4.70E+08
2.76E+08

Table 6.1

Tensile Modulus
(Pa)

6.36E+10
1.42E+11
3.95E+10

2.10E+11

6.70E+10
6.90E+10

Density

1350
1590
1810

7800

2800
2700

Energy per Kg (J)

7046
6628
5293

1477

589
204

A comparison of the energy storage versus
mass is shown for various materials in Figure 6.2. It
should be noted that although Kevlar, carbon fiber,
and fiberglass individually have a very high tensile
strength, their tensile strength is essentially
decreased by a factor of two because the composite
must be mixed with an epoxy, which has a very low
tensile strength in comparison with the composites.
The tensile strength is further reduced if the com-
posite is woven since half of cross section is taken
up by fibers that run orthogonally to the direction
the force is applied. It should also be noted that
there are hundreds of different kinds of carbon fiber
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styles and finding reliable data for the carbon fiber proved to be somewhat difficult.

Figure 6.2 shows that the composite materials have a significant advantage over materials such as steel.
Unlike metals, composites do not undergo a plastic regime. Steel typically has an ultimate tensile strength that
is approximately 40% higher than its yield strength. Metals do not completely spring back after they have gone
into the plastic regime so the ultimate tensile strength can not be used. In addition, composites tend to have a
lower Young's modulus which causes the material to stretch more and therefore allows them to store more
energy. Lastly, the densities of composites are a fifth that of steel, which gives composites another big advantage.

Interestingly enough, Kevlar does not have the highest energy storage per weight of any material. Some
materials, such as elastomers, have a low modulus of elasticity and can stretch upwards of 800% before breaking.
This results in an energy storage density that is significantly larger than Kevlar. However, this is not without dis-
advantages. These elastomers are similar to metals in that they do undergo a plastic regime. Although they can
be stretched 800% before breaking, many go into their plastic regime at a fraction of their maximum elongation.
In addition, in order to achieve these high energy densities, the material must be stretched significantly more
than Kevlar. Since we are interested in roughly 40-80 degrees of spring rotation, the spring must have a different
geometry than the curved cantilever spring to maximize the energy density. Additionally, since elastomers have
a Yountmg's modulus many orders of magnitude lower than composites, a different geometry is needed to achieve
the appropriate spring constant. A suitable geometry is described later.

Although elastomers appear to be a very good choice or a spring, they do suffer from wear and creep prob-
lems that are not as large an issue in composite springs. On the other hand, many elastomers can be cast, which
offers a large reduction in cost versus manufacturing with composites.

Aside from elastomers, Kevlar seems to be the best choice for energy storage versus weight. Kevlar and
carbon fiber have roughly 4.5 times the energy density of music wire, the steel most commonly used in springs.
High grade aluminum alloys are slightly better than the music wire, but are extremely expensive and are still
inferior when compared to composites.

Surprisingly, although Kevlar appears to be better than carbon fiber, it is seldom used for springs. The
author proposes a few reasons why this is the case. Kevlar is significantly more difficult to work with than carbon
fiber. Compared with carbon fiber, Kevlar is substantially more difficult to cut, and requires special scissors to
do so. Kevlar also does not machine well at all. Sanding it results in a very rough torn surface, whereas carbon
fiber sands very easily. Secondly, Kevlar is simply not used as much as carbon fiber, and there are fewer com-
panies who do work with Kevlar. The low demand for Kevlar components results in high prices. Since energy
storage versus weight is not a huge concern for most companies, they are willing to sacrifice some performance
to save money.

Components that are made of composite materials are made in layers. This makes it more straightforward
to manufacture a prototype if tooling is limited. Composite materials are typically woven into a fabric which
allows individual layers to be easily cut. Epoxy is impregnated in each layer, and each layer is then pressed
together at a high pressures. Vacuum bagging, although somewhat expensive, is the preferred method for com-
pressing the layers. Prototypes of components can be constructed by using alternate methods of compression,
but usually have a higher ratio of epoxy than desired which adds excess weight. For most prototypes, the ease
of manufacturability makes up for the increase in weight.

The shape of the spring is extremely important to consider. This is broken down into two categories, the
general shape of the spring and the optimized shape of the spring. Helical, torsion, and cantilever springs are
among the most common spring shapes, although one can also store energy in a material simply from axial load-
ing.

One important consideration in the spring design is the torque profile. Optimally, the spring would provide
a restoring torque equal to the torque generated on the knee. To hold body weight, the torque generated by the
knee is equal to mgl Sin(theta), where 1 is the length of the thigh and theta is the knee angle. The spring should
therefore generate this torque profile, or a torque profile close to this. Helical springs provide a force profile of
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f := k x, and a cam would be required to create the linear force into torque. Torsion springs create a torque profile
of f =: k theta. For small values of theta, Sin(theta) is approximately equal to theta, so a torsion spring provides
a torque profile that is within a few percent of the desired torque profile.

A helical spring could be used in conjunction with a simple cam to create the required torque profile, but
this is not as an attractive solution for a few reasons. Adding a cam mechanism adds to the complexity of the
system and also makes it more difficult to fit the spring in a compact area. Additionally, a helical spring is not a
suitable shape to make out of composite materials. A curved cantilever spring is significantly easier to manufac-
ture, it is easy to fit in a small area, and has almost exactly the desired torque profile.

One alternative to the cantilever spring is a spring created by wrapping an elastomeric material around a
mandrel. Figure 6.3 shows a mandrel design for knee flexion angles of 0, 40° and 80° . It should be noted that

Di
/

-Spring

[andrel
I - - I/

'0° Knee Angle / 4 0 ° Knee Angle 80° Knee Angle
Figure 6.3

the the spring must rotate more than 45 degrees only in extreme conditions.

This geometry results in a stress distribution that is more uniform than that of a curved cantilever spring.
For the curved cantilever geometry, one side is in compression and one side is in tension. There is almost no
stress in the center of the cross section and therefore does not contribute to the total stored energy. If the material
is wrapped around a mandrel, the whole cross section is in tension. Although the stress profile changes with the
radius is it much more uniform than that of the cantilever spring and therefore this geometry is more efficient at
storing energy. For this reason, a mandrel spring is more attractive than a cantilever spring. Its main drawback
is that because spring that must be able to rotate at least 40 degrees without yielding, the material would have to
be able to stretch upwards of 20 percent and still remain in its elastic region. This is towards the upper limit for
elastomers with a high yield strength. Although a solution can be found by wrapping the elastomer twice around
the mandrel, this significantly adds to the complexity of the spring and is not a plausible solution. In addition,
there will be some energy loss due to friction between the elastomer and the mandrel. For this thesis, a curved
cantilever spring was selected because of time constraints.

The detailed design of the spring is quite important when it comes to weight optimization. The spring has
to be able to store the required energy without breaking, and also have the correct spring constant. Although there
are many formulas that allow for such calculations, an easier and more accurate method is to use a finite element
analysis program.

6.1.1 Spring Finite Element Analysis
Simulations show that the spring needs to be able to rotate at least 40 degrees and the two springs should

have a combined spring constant of roughly 400 N-M/radian. Initial estimates based on a simple cantilever
spring formulas suggest that the thickness of the spring should be around 10 mm.
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the preliminary spring design
was conducted. When the

voMss (psi) spring was subjected to the
1.316e+005 maximum torque, the FEA

20e predicted that the maximum
9.870e+004 stresses exceeded that allow-

X.71+ able for Kevlar, and the
I 7.680e004

.6.S8a spring constant was not high
5.490.+4 enough. The thickness of the
4.395e+.004 spring was gradually
3 300- |004

2.205e+004 increased until the maximum
1 .11-0e+ stress did not exceed the

1 07e+002 allowable stress. Unfortu-
nately, this resulted in a
spring constant that was still
too high. To solve this prob-
lem, the thickness of the
spring was reduced in areas
that had a low stress concen-
tration until the combined

e 6.4 spring constant of 425 N-
M/radian wa rached The

stress concentration at maxi-
mum compression can be seen in the Figure 6.4.

The FEA shows the stress concentration when the spring is subjected to an 90 N-M torque. Although theory
would suggest that the highest stress intensity would occur at the middle of the spring, this simulation predicts
otherwise. This is in fact not true. This finite element analysis used restraints which do not accurately reflect the
actual restraints that the spring would experience. It is for this reason that the maximum stress does not appear
to be in the middle. Although this simulation does not predict exactly what the spring is experiencing, it at least
gives a starting point for the spring design and is still better than doing calculations manually.

Once again, much of the detailed design can be done based upon /
first principles. When the spring is at maximum compression, the highest / / /
stress intensity occurs at the middle of the cantilever. The weight of the
spring can be reduced by reducing the thickness of the sections with a
lower stress intensity. Optimally, the spring would have a uniform stress
intensity throughout. Figure 6.5 shows that the stress is highest at the
edges of the spring. This is not surprising because beam bending theory
predicts that the stress will be highest at the edges and almost zero at the
center.

~r'r 1 · : · 11 _ ,1 _ · _ 1 · _ I _ . _ _l I ~, _r1 _ _ _ · , * 1_

.5

I neoretically, the spring-s weight could be urther reduced it the
spring's cross section resembled an hour glass. Although this would
reduce the weight of the spring, the more complicated geometry would make the spring significantly more dif-
ficult to manufacture. If the advertised density of 1350 kg/m3 for a Kevlar/epoxy mixture is used, then the the-
oretically weight of the spring is approximately 0.22 Kg. It is difficult to justify the additional manufacturing
difficulties involved in creating an hour glass cross section so shave a few ounces from the weight from the
spring considering the overall weight of the system.

The manufacturability of the spring is an extremely important consideration in its design. Not only does the
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spring have to be lightweight, store the required energy and have a certain spring constant, but it also must be
able to be manufactured relatively easily. It is extremely easy to design a component on paper that is difficult to
manufacture.

6.1.2 Composite Spring Prototype
A prototype for the knee spring was manufactured by cutting Kev-

lar into strips, applying epoxy to all surfaces, compressing the strips in
a jig, and then allowing the epoxy to dry. Nine strips of Kevlar fabric,
each approximately 19 mm wide and 1 m long were cut and a light coat
of epoxy was applied to both sides. The strips were then wrapped
around two 6.35 mm pins 210 mm apart. The strips were sewn together
to prevent unraveling during the manufacturing process. The bundle of
strips was then put in a jig and the arms of the jig were clamped
together. The spring was allowed to dry and was then taken out of the
jig. A second coat of epoxy was then applied to the edges to improve
the machinability of the spring. After the second coat was allowed to
dry, the spring was sanded and a coat of paint was applied to the spring
to protect it from deteriorating under sunlight. The prototype of the
spring is shown in Figure 6.6.

Figure 6.6

To get an understanding of the actual performance of
the spring, a jig was created to measure the spring con-
stant. Two 6.35 mm holes were drilled 48 mm apart into
each of four aluminum bars, which corresponds to the
approximate center of the spring. The aluminum bars
were screwed into wooden spacers to solidify the jig
and to maintain a consistent spacing between the bars.
Three 6.35 mm steel rods were used for the pivot axle
and the spring mounting pins. The jig was clamped to a
table and a protractor was placed behind the jig so that
the spring angle could be measured. A picture of the jig
can be seen in Figure 6.7.

A RiteWeight G-SA-TT-FS18 fishing scale was
attached 395 mm from the axle. The force exerted on
the scale was recorded at five degree increments from 0
to 41 degrees. The spring snapped at a value of approx-

Figure 6.7 imately 44 degrees. The recorded measurements can be
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seen below.
Angle Angle in Applied Force Torque
(degrees) Normalized radians Force (bs) (N) (nM)

69.0 0.0 0.0 0.0 0.0 0.0
70.0 1.0 0.0 0.4 2.0 0.8
75.0 6.0 0.1 2.9 12.8 5.0
80.0 11.0 0.2 6.0 26.7 10.5
85.0 16.0 0.3 8.7 38.8 15.2
90.0 21.0 0.4 11.7 52.1 20.5
95.0 26.0 0.5 15.5 69.0 27.2

100.0 31.0 0.5 18.0 80.2 31.5
105.0 36.0 0.6 20.0 89.1 35.0
110.0 41.0 0.7 22.0 98.0 38.6

Table 6.2

Shown in Figure 6.8 is a graph
of the torque on the spring versus the Kevlar Spring Measurements
spring torsion angle. As expected, the 56 264x - 0 1208spring constant is linearalthouhey = 56.264x -0.1208spring constant is linear, although the ~ n - -,J

measured spring constant of 56.3 N-
M/radian is significantly lower than ' 40
the required value of 200 N- . 30
M/radian. 

E 20
There are a few reasons why the 

measured value could vary from the I 10
theoretical value. The spring was 0
manufactured before the finite ele-
ment analysis could be completed 0 0.2 0.4 0.6
and the stress concentrations shown Angle (Radians)
above are representative of a slightly
different geometry. Another potential Figure 6.8
reason is due to the varieties of Kev-
lar. All of the material properties and simulations shown above correlate to a mixture of Kevlar 49 and epoxy.
The material properties for the Kevlar used in the manufactured spring could not be obtained. It is very possible
that the spring was made from Kevlar 29, which has material properties that different than Kevlar 49. The Kevlar
49 has a Young's modulus which is almost two times larger than the Young's modulus of Kevlar 29. This factor
of two may be one reason that the measured spring constant is significantly less than the theoretical value.

The weave of the Kevlar is another important consideration. The Kevlar used had half of its fibers running
in one direction and half of its fibers running orthogonally. This means that for a given cross sectional area, only
half of the area is contributing to the strength. This greatly reduces the stiffness of the spring.

Although the measured spring properties were significantly different from the theoretical simulations, cre-
ating the spring did provide a great deal of insight. One significant finding is the location of the stress fracture,
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shown in Figure 6.9, wh

Figure 6.9

6.2 Latching/Braking Mechanism
The mechanism that latches/brakes the knee at maximum flexion is critical to the success of this device. It

must be extremely reliable, relatively quiet, low power, and also thin enough so that it does not interfere with
the leg swing. A simplified model predicts that it must be able to hold a torque of at least 110 N-M per drum.
Additionally, it should be relatively compact. The knee spring will be enclosed in an aluminum drum 127 mm
in diameter with 6.34 mm walls. This size was chosen based upon the size of the knee and the availability of the
metal. The latching/braking mechanism must be able to handle the following four modes required for walking.

1. A latched, or frozen mode, that locks the knee at maximum spring flexion. This will occur shortly after heel
strike.

2. An energy capture mode, where the thigh and shank are coupled to the torsion spring.

3. A free mode, where the spring is not engaged, and the knee joint is allowed to bend freely.

4. A braking mode that allows energy to be dissipated when the knee is being bent. This is necessary in order
to walk down inclines at low metabolic energy.

The system has to be able to transition between these modes quickly and at a low power. Additionally, the
knee must be able to be latched at any angle, not one which is predefined.

Ratchets and brakes have been around for hundreds of years, and it is therefore useful to look at these mech-
anism for ideas. The first design to consider is a simple ratchet mechanism. This suffers from a few problems.
In order to hold the required torque, there is a substantial amount of force on the teeth of the ratchet. With a 127
mm drum, there is 1800 Newtons of force on the teeth. Although teeth could be designed to handle this force,
releasing the ratchet under such a load causes all of the force to be transmitted to the tips of the teeth. This pro-
duces extremely large forces on the teeth which may result in wear problems. Additionally, releasing the pawls
requires a substantial amount of power. If the teeth are 6 mm deep and have a coefficient of friction of 0.2, and
there is a force of 1800 Newtons on the teeth, releasing the teeth requires roughly 2.2 joules. If the ratchet has
to be released in 50 mins, this requires a motor that can produce roughly 45 watts.

The biggest limitation of the ratchet is that it is not infinitely variable. The teeth on the ratchet could be
made large enough to solve any strength issues, but this greatly limits the resolution of the latch. It is possible
that a another verniered ratchet could be used to increase the resolution, but this adds complexity and still does
not give the latch enough resolution. In order for smooth operation at any speed, it is critical that the knee can
be locked at any angle, and it is not acceptable for the knee to be locked at certain angles, even if the gradations
are relatively small. Finally, a ratcheting mechanism provides no method to dissipate the additional energy
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gained from walking down a slope. A separate breaking mechanism would have to be added. The limitations of
the ratchet and the need for an additional braking mechanism suggest that this is not an effective way to solve
the required problems and that better solutions need to be discovered.

Most infinitely variable latching mechanisms use friction to provide a holding force. Although brakes in
cars use friction to primarily to dissipate energy, they also have the ability to lock the wheel. In this system, the
latching mechanism will only be activated and change modes when the knee is stationary.

The primary problem that occurs in holding a large torque with friction is the limitation of material's coef-
ficient of friction. Few materials with suitable wear characteristics have a coefficient that is larger than 0.3. Var-
ious coefficients of friction can be seen in Table 6.3.

Material Advertised coefficient of Measured coefficient of
Friction on steel friction on steel

Steel 0.20 0.18
Aluminum 0.25 0.20

Brake lining 1 0.40 0.23
Brake lining 2 0.50 0.25

Rubber 0.90 0.50

Table 6.3

Note that there is a significant discrepancy between the advertised coefficient of friction and the author's
measurements. The reason for the discrepancy is unknown. Although the exotic materials used in the brake lin-
ings do not seem to live up to their advertised specification, they are significantly better than aluminum and thus
justify the additional complexity and expense of coating the outside of the drum with a brake lining material.

If a friction plate was used to hold the 110 N-M of torque, it would have to exert a force of upwards of 7200
Newtons on the drum, even with the exotic brake lining material. This is not practical to do with electric actua-
tors because they would require substantial gearing which is expensive, or a threaded screw, which is very inef-
ficient. Additionally, the actuator would have to provide a substantial force and would therefore require a
relatively large amount of power. If the actuator had to provide 7200 Newtons of force over a range of 2 mm, it
would require on the order of 9 joules. If the knee had to be released in 50 mins, this would require a motor that
could output 180 watts. Lastly, the drum would have to be quite strong to support a load of 7200 Newtons, which
would add the weight of the system.

Electromagnets are commonly used to provide large holding forces, but they require extremely small gap
separations and their performance drastically suffers for even very small gaps. Hydraulic or pneumatic actuators
could be used, but the power requirements would be the same, and even if this problem could be solved, the drum
and axle are still not likely to be able to withstand such force.

Although the frictional force is not dependent on the contact surface area, it is dependent on the number of
contact surfaces. The most famous example of this is the popular Bendix coaster brakes typically found on some
older bicycles. Instead of only having one contact surface, the Bendix brake utilizes dozens of friction surfaces,
therefore multiplying the effective coefficient of friction. A similar idea could be used in this latching mecha-
nism, but it adds a great deal of complexity, and even a factor of twenty does not decrease the power require-
ments by enough to be practical.
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Drum brakes that generate an incredibly large clamping 
torce work on the pnrinciple of sell actuation. Much like a wedge,
the more the brake pads grasp, the more they push against the
inside of the drum. This works very well to brake or hold a sys-
tem, but it is not very convenient to release. In automobiles, this
problem is solved by adding carefully placed springs and other
mechanisms inside the brake. Although this would be a potential
solution, the complexity of the release mechanism, the size, and
the activation time make it an unattractive solution. A simplified
diagram of a drum brake is shown to in Figure 6.10. [31 ]

In order to decrease the power and force requirements of the
actuator enough to be useful, a latching/braking mechanism that
has an extremely large mechanical advantage will have to be
found. One of the best ways to do this is to use the capstan effect. Figure 6.10

The capstan effect has been well known by sailors for thou-
sands of years. Large boats can be secured to the dock simply by taking a rope and wrapping it around a post a
few times before securing the end. Ideally, the holding force on the rope goes as F= Fhold e(mu theta). This is one
of the few principles that allows an exponential mechanical advantage to be generated.

This exponential holding force can be used to solve the problem. If a strong cable is wrapped around the
drum, fixed to the thigh strut at one end, attached to an actuator at the other end, the drum can be frozen by apply-
ing a significantly smaller actuation force compared with other braking schemes. Since the wire rope is bent
around the drum, it has a tendency to spring back naturally. Unlike the drum brake, the capstan brake does not
require any additional springs. If the drum is coated with brake lining material having a coefficient of friction of
0.25, 7 Newtons of actuation force can hold the full 110 N-M or torque. Additionally, since the actuator just has
to take in the slack, it does not have to travel over a great distance. If the actuator moves 6 mm in 50 ms, it uses
only 0.04 joules of energy and requires a motor power of only one watt. This method of locking the knee uses
two orders of magnitude less energy than either the ratchet or the disc brake.

A simple jig was used to test this principle. An
aluminum drum 50 mm in diameter was mounted on an
axle, and a handle was attached to the drum. Various
weights were suspended from one end of the wire and
the other end was securely clamped to the table. A fish-
ing scale was used to measure the force exerted on the
handle before the drum started to slip. A picture of the
jig is shown in Figure 6.11, and the results are shown
in Figure 6.12.

Figure 6.12
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In an attempt to increase the coefficient of friction of the drum, sections of brake lining were glued to a 127
mm drum. The drum was clamped in a vice, and a weight was hung from the end. The force needed to hold the
weight was recorded and the results were plotted. The results can be seen in Figure 6.13.

Mechanical Advantage
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Figure 6.13

Although the test results did not predict the exact mechanical advantage, it did show that the mechanical
advantage did have an exponential relationship with the number of wraps and the capstan effect does provide an
effect way to hold a large amount of torque with a very small force.

Two sets of wire ropes must be wrapped around the drum since the drum must be dynamically coupled to
both the thigh and the shank. One wire rope couples the drum to the thigh while the other couples the drum to
the shank. With four wraps of 1.6 mm wire rope, the minimum drum width is 15 mm. Since wire rope 1.6 mm
in diameter has a breaking strength of 2200 Newtons, two ropes at one end of each set of wires are needed in
order to allow for safety margin. The additional section of rope can be jointed to the main section of wire rope
with a ferrule. This makes total width of the drum roughlyl 8.3 mm which should be thin enough to provide ade-
quate clearance between the legs.

- 3

. I
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will be dissipated as heat. The
a brake lining material, which

Figure 6.14 shows the proposed braking/latching mech-
anism. One end of the torsion spring is connected to the
shank and the other is connected to the drum. If it is
desired to store energy in the spring by rotating the thigh
counter clockwise, the actuator can be designed to pro-
vides a force of 13 Newtons. The capstan's multiplica-
tive affect results in a Fhold of approximately 7,000
Newtons, substantially greater than the breaking
strength of the wire rope. The other end of the wire rope
is terminated at the wire rope thigh termination, so the
thigh is effectively coupled to the drum provided that the
wire does not break. This effectively couples the spring
to the thigh. The second wire rope is wrapped around the
drum in the opposite direction which allows the drum to
be coupled to the shank. This provides a mechanism for

iion mechanically freezing the knee angle at its maximum
spnng torsion. This configuration also allows for energy to be

dissipated when walking downhill if the activation force
Figure 6.14 can be controlled. If the torque on the knee is greater

than the holding torque, the knee will rotate and energy
build up of heat is not an issue because the outside of the drum will be lined with
is specifically designed for this application.
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If the thickness of the latching mechanism is important, a V groove could be cut into the drum. This
would effectively increase the coefficient of friction and therefore require fewer wraps, but it may cause the wire
rope to wear more rapidly. One problem with the capstan principle is that in its normal mode, the wire rope must
be wrapped around the drum such that the thickness of the drum must increase as the number of wraps increases.
This issue could be alleviated if the wire rope was tapered so that the thicker section was attached to ground and
the thin section was attached to the actuator.

6.3 Interface With Human Body
The interface with the human body is one of the most important items to consider. There are certain physical

limitations which must be addressed. In particular, a solution as to how to attach the device to the leg without
any tissue compression and discomfort must be found. This section will describe the most important problems
that need to be solved and discuss potential solutions. In particular, it will address tissue compression, knee
extension issues, ways to keep the device in place, the size of the device and clearance issues, and human adapt-
ability.

6.3.1 Tissue Compression
In order for tissue to survive, blood must be able to flow into it on a regular basis. If sufficient pressure is

applied to the tissue, capillary blood flow ceases. Without blood flow for an extended period of time, the tissue
will undergo necrosis. This is a major problem in paraplegics who can not feel when the tissue is being com-
pressed. The knee brace must be attached to the leg in such a manner that prevents the user from damaging tissue.

The flow of blood is the limiting factor with tissue compression issues. Blood flow is a function of the pres-
sure applied to the tissue and the duration that pressure is applied. Blood is able to flow into tissue relatively
quickly, and the tissue can therefore replenish its blood supply fairly quickly. Tissue is therefore able to with-
stand a surprisingly large amount of pressure, providing that the pressure is not constant. For instance, if a person
stands on the balls of his feet, there is a large amount of pressure acting on the tissue on the order of 140 kPa. If
the person is not allowed to shift his weight, he will begin to fell a great deal of pain and will eventually have to
stop, or risk damaging the tissue. But if he is able to shift his weight slightly, and alternate between standing on
one each foot, he will be able to stand without discomfort for a long period of time. If pressure on the tissue
becomes high, it is very important to provide periods of time when it is not under great pressure. It should be
noted that the maximum steady state pressure is only about 1.7 kPa and it is unlikely that the pressure can be
reduced to that level. Since the pressure is not applied all the time, there is no need to reduce the pressure to
anywhere close to that level.

If the total torso mass is 100 Kg, and the knee is bent at a 25 degree angle, the knee must
produce 170 N-M of torque in order to stand on one bent leg. Under normal walking condi-
tions, the torque requirements are not this high. If there is padding along both the back of the
thigh and the back of the shank, the force can be approximated as acting at the center of pad-
ding. It is not realistically possible to put padding over the entire back of the thigh, but knee
braces such as the DonJoy TROM (shown in Figure 6.15) shows that current knee braces pro-
vide substantial padding. [35]

Assuming that the padding is 200 mm long, and the center of the padding is 150 mm from
axis of rotation of the knee, this translates into an average force of 1135 Newtons on the upper
leg. If the padding is 100 mm wide, this results in an average pressure of 54 kPa on the thigh.
Although this pressure is substantial, is not an unreasonable amount considering that it will
only be applied for a small fraction of the gait cycle. Pressure on the lower leg is also not an
issue for the same reasons. Additionally, these torques and forces are assuming that the human
is not using his muscles to assist. Figure 6.15Figure 6.15

Rubbing is just as important to discuss as tissue compression. Many rubbing problems
can be solved by putting a sock between the padding and the skin, and also by adding preventative measures that
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limit the device from sliding.

6.3.2 Hyperextension Stop
One extremely important limitation to consider is the range of motion of the knee. In particular, the knee

joint is able to bend in one direction but cannot bend in the other direction without a substantial amount of dis-
comfort. If the knee brace can produce upwards of 220 N-M of torque, it becomes very easy to seriously damage
the knee if proper precautions are not taken into consideration.

Fortunately, these precautions are easy to integrate into the design. A mechanical stop will have to be
included in the design of the brace so that the brace can bend in only one direction. If anything goes wrong with
the system, the large forces will be exerted on the mechanical stop rather than the ligaments in the knee.

6.3.3 Brace Positioning
Another issue to consider is how much the brace will move around when the person is walking. This prob-

lem has been solved by most (but not all) companies who design knee braces. One would expect that braces that
have a substantial amount of straps and padding are fairly secure to the leg, whereas braces that have less may
shift or slide. There are at least two immediate solutions to this problem. One involves attaching a small strut
from the lower part of the leg brace to the shoe, and the other involves attaching a belt from the top of the brace
to the human body. The later approach would be similar to suspenders. They could either be attached to the back-
pack, around the shoulders or to a belt. While the specifics of such solutions must be worked out later, the prob-
lem of preventing the knee brace from sliding at least appears to be solvable.

6.3.4 Critical Dimensions
The size and dimensions of the device is an important consideration. In particular, any leg clearance issues

need to be worked out. The outside width of the device, although less of a concern, should also be discussed.
Studies done on the preferred step width in human walking have shown that the average step width was 0.13L,
where L is the length of the leg. [15] For a person with a leg length of 0.91 meters, this corresponds to a step
width of around 125 mm. This translates into an inside knee separation of around 65 mm. If the inside of each
knee brace can be limited to 26 mm, this should provide enough clearance for the legs to swing.

it should be noted that humans chose their preferred step width to minimize metabolic costs. [15] If the
device works as advertised, then the human body should not mind walking at a slightly larger step width. The
next section will discuss human's ability to adapt to changes in their walking gait, but it is reasonable to assume
that it is beneficial to try to keep the walking gait as close as possible to normal walking.

6.3.5 Human Adaptability
Humans can adapt to changes extremely quickly. Changes in footwear can have a drastic affect on the walk-

ing gait, but humans still appear to walk naturally regardless of whether they are in sandals or high heel shoes.
Humans can even adapt to more severe changes in the walking gait providing they have some help (braces, pros-
thetics), such as the loss of a certain muscle function to the loss of a limb. Based upon the author's personal expe-
rience, human's ability to adapt is sufficient even with significant changes to their gait.

Although this knee brace system would initially feel odd to walk in since it changes the force requirements
of certain muscle groups, it is hoped that a person would be able to learn quickly how to walk with such a device.

6.4 Actuator
The next section describes the requirements of the actuator that applies tension to the wire and mentions

some of the advantages and disadvantages of certain designs. Particular attention is spent on the power require-
ments of the actuator, the life of the actuator and the simplicity of the design.

The section above briefly gave an estimate for the power needed to lock the drum using the capstan princi-
ple. Tests have shown that as soon as there is sufficient tension in the wire, the drum is effectively locked. The
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needed stroke of the actuator is therefore quite small. A stroke of 6 mm is sufficient to allow the wire to be under
tension, or have slack so the drum can rotate. Although the 7 Newtons mentioned above is theoretically possible,
it does not allow for any safety margin. A safety factor of two will assure that the drum never slips and will only
require an actuator force of only 14 Newtons. Based upon measured walking cycles, an actuator time of 50 ms
should be sufficiently fast to lock the drum when needed. These numbers correspond to a power requirement of
1.7 W, but do not account for any inefficiencies due to friction in the actuator.

There are certain features that would be beneficial to include in the design of the actuator. In particular, it
would be very useful to know both the position of the end of the wire, and also the force that it is being applied.
Although electronic circuitry could be designed to measure the current draw and the voltage across the motor, a
method that uses feedback control would be more beneficial. Although feedback control requires a way to mea-
sure the force and the displacement of the end of the wire, it allows the both the force and the distance to be
controlled very accurately. The benefit of accurately controlling the force applied by the actuator is sufficient to
justify the additional complexity involved in feedback control.

Although it is true that the 1.7 W mentioned above is a good estimate for the power requirements needed
for actuation, it does not include the power needed to keep the drum locked. The ability for the actuator to be
back driven should also be an important consideration in the architecture. Since an actuator that can be easily
back driven also requires a substantial amount of power to hold the load, the actuator should not be able to be
easily back driven. For that reason, solenoids are not a good choice for an actuator because they can be back
driven very easily.

The lifetime of the actuator is also extremely important to consider. If an average step length is 0.81 meters,
the actuator would have to go through almost 6000 cycles in a 5 km walk. If we take a conservative estimate and
say that the user would walk 5 km a day with this device, it translates into roughly 2.2 million cycles each year.
The actuator therefore has to have a very long life span. Certain types of actuators, such as brushless motors, are
more suitable than brushed motors for this application.

The cost of the actuator should also be taken into consideration. Most motors can be purchased relatively
inexpensively, although a gear head motor is typically rather expensive. Expensive components, such as gear
heads, ball screws, and linear motors will be used only if absolutely necessary. Although brushless motors are
significantly more expensive and require more electronics to control, they suffer none of the wear problems that
brushed motors have. Since a motor failure would be very inconvenient for the user, the benefits of a brushless
motor justify the additional cost.

There are a few ways to convert rotary motion into linear motion. Some of the most common are a winch,
a rack and pinion and a screw mechanism. In this application, a screw mechanism is the most attractive because
it is not easily back driven, it provides a high mechanical advantage, it is very low cost and it can be incorporated
into a very simple design. One huge benefit of the screw is that it allows for a large mechanical advantage. If a
motor has an operating torque of 1 mN-m at maximum efficiency is used in conjunction with a simple 6-32 screw
and nut, it could generate 28 Newtons of force, which is ample for the actuator. Simple screw mechanisms are
roughly 30% efficient. This means that the actuator requires more power, but that it requires very little power to
hold the actuation force. Due to the reliability and simplicity, a simple screw mechanism is a very attractive solu-
tion for the actuator.

As mentioned above, feedback control is an important element of the actuator design. In order to incorpo-
rate feedback control, we must have a way of measuring the force at the output of the actuator. One convenient
way to do so is to pull on one end of a spring, monitor the compression of the spring, and attach the wire to the
other side of the spring. If the spring constant is known, the force exerted on the wire can be easily computed.
Additionally, this allows for a bit of compliance in the system which could be useful if the rope stretches slightly.
A spring constant on the order of 4400 N/m would result in a maximum spring compression of 3mm at the tar-
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geted actuator force. A figure of the actuator design can be seen in Figure 6.16. While this design is simple, low

Figure 6.16

cost and reliable, it can not be released quickly. The actuator should be able to be released quickly to insure that
the knee spring releases at the correct time. Since the spring/screw actuator does not allow for this, future work
must be done in the design of an actuator that can be released quickly. The spring/screw actuator may be able to
be used if the microprocessor signals the actuator slightly ahead of time.

The mechanical structure of the actuator is also important. It would be beneficial if the actuator's structure
could be incorporated into the structure of the whole mechanism so that the number of needed parts could be
minimized. In this case, the actuator is enclosed in a 26 mm box extrusion with 3.25 mm walls which results in
a sturdy frame to which other structural components can be mounted. In this case, the box extrusion for the actu-
ator can serve as a spacer to which a support for the drum axle can be mounted.

There are a variety of ways that the displacement between the two spring blocks can be monitored. The
measuring device should preferably be low cost, relatively small and should be able to have measure the dis-
placement to within 0.25 mm. There are a number of devices that can measure displacements to within 0.25 mm.
Typically, price increases as the accuracy increases, but this is not always true.

Potentiometers are a very low cost method of measuring displacements, but in the past have tended to be
unreliable because they use sliding contacts. New technologies, specifically conductive plastics, have greatly
increased the reliability of potentiometers to the point that they could be used for this device. Either a linear
potentiometer, or a rotary potentiometer with a rack and pinion or a drum and wire could be used to measure the
displacement of the spring.

A variable parallel plate capacitor could be used to measure the displacement of the spring blocks, but suf-
fers from two problems. It requires a relatively large surface area to be able to accurately measure the capaci-
tance, and it requires the plates to be electrically isolated from one another. Although it is straightforward to
electrically isolate the plates from each other, the low capacitance creates a more difficult problem to solve. This
suggests that other alternatives should be explored.

Optically measuring the displacement of the spring is significantly better than both potentiometers and a
variable capacitor. Typically, lines are etched into either glass or a plastic and a series or LED emitter/detectors
count the number of lines that have passed through the beam. An accuracy better than 0.025 mm can easily be
measured using this method. Although typically more expensive than the some other alternatives, the cost is rea-
sonable for systems with 0.25 mm accuracy. Additionally, since there is no mechanical contact, there are no wear
problems. Optical measuring devices can be compact and could be easily incorporated into the actuator. This
combination of accuracy and reliability make this solution very attractive.

A Linear Variable Differential Transformer (LVDT) could also be used to measure the displacement of the
spring, but they tend to be extremely expensive and are a poor choice for this application. A group of LED emit-
ter/detectors with an etched plastic slide is a very reliable, compact, accurate, and low cost way to measure dis-
tance. A conductive plastic potentiometer also has these qualities but has a lower lifetime. There appears to be
at least two solutions to this problem, and therefore testing of each solution will have to be conducted to see
which is better.
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Based upon the 17 Newton force, the 6 mm stroke, the 30% efficiency of the screw and the 70% efficiency
of the motor, it requires roughly 0.2 joules to freeze the drum. Since there are two actuators acting per step, each
step requires roughly 0.4 joules. If a 3.6V, 2.1Ah lithium battery that can store roughly 27000 joules is used in
each knee brace, and the stride length is 1.63 meters, the user will be able to walk for 80 km per battery when
the power consumption of the electronics are included. Battery life could be greatly increased by additional
wraps around the drum, or by using a larger battery.

6.5 Control System
Advances in accelerometer technology allows extremely small, accurate two axis accelerometers that can

be manufactured for a very low price. This allows accelerometers to be mounted to different parts of the brace
so that the relative angles to gravity can be measured. Additionally, they can detect the change in acceleration at
heel strike. This allows a substantial amount of relevant information to be gathered.

Pressure sensors could be mounted in the shoe to detect heel strike and gather information about the WTE.
Either a capacitive sensor or a force sensing resistor could be used to do this. These sensors should be able to
provide enough input that a suitable control algorithm could be developed. This paper will not discuss the details
of such a system. These components (aside from sensors in foot) are small enough so that they could be easily
integrated into mechanical apparatus.

Page 47



6.6 Structural Design
One representation of the

knee brace architecture is shown
in Figure 6.17. The struts run-
ning along each side are made
from steel 2.36 mm thick by 32
mm wide. This size was chosen
because it is readily available.
Because of time pressures, no
finite element analysis was done
on this component, although it
could be easily be made wider
or thicker if needed.

From the solid model, the
reader can see that the actuators
are at an angle relative to the
thigh mand shank. This design
was chosen over a design where
the actuators are parallel to the
thigh and shank for a number of
reasons. The angled configura-
tion does not require an idler
pulley, which decreases the
number of components and also
the distance from the axis of the Figure 6.17
knee to the end of the actuator.
Although the parallel configuration may provide more structural strength than the angled configuration, the
increase in strength does not justify the additional complexity of having an idler pulley. On the other hand, it is
easier to obtain a large mechanical advantage with the parallel configuration because the actuator can pull at an
angle, giving a /Sin(theta) multiplicative effect. Ultimately the angled configuration was chosen because it
allows for a more simple structure, it still provides substantial structural support, and calculations show that the
additional mechanical advantage is not needed.

Another important consideration is that of bearings and joints. R4 bearings are sufficiently strong enough,
but are difficult to attach to a 2.36 mm thick plate without complications. For this reason, bearings will be used
in places that allow for them, and simple bushings will be used in tighter spaces. The drum support is also another
important consideration. It is advantageous to minimizing the overall thickness of the device, but it must be
strong enough, and the strength of the drum support decreases dramatically as the thickness decreases. No finite
element analysis was completed, but this component could be made wider if needed. For this reason time was
spent on other more important components.

The padding and straps for the thigh and calf are extremely important. It should be noted that the image
above is not an accurate portrayal of the straps. The actual straps will be very similar to the straps and padding
in modern knee braces.
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7 Conclusion
This thesis postulates the idea that incorporating a dynamically configurable torsion spring at the knee

offers the promise of reducing the metabolic energy consumption of walking. After examining prior art it is clear
that other inventors have been interesting in solving this problem. It is also clear that they had a basic under-
standing of the various problems to be solved but were unable to create a practical solution to the problem. It is
conjectured that there are two primary reasons for lack of past success. The first is they had an incomplete under-
standing of the theory behind the interaction between kinetic, potential and knee spring energy. Secondly and
probably the primary cause of failure is that the technology available to them was simply not available. The
advent of high speed computers and simulation tools has greatly helped with the first problem while the advent
of composite materials, low power microprocessors and MEMS sensors has mitigated the technology issue.

This thesis has attempted to improve our understanding of the interaction between the kinetic, potential and
knee spring energy in the walking cycle. This allowed us to describe of the functionality requirements, the archi-
tecture, and the mechanisms which are needed to create quasi lossless walking/running. Use of the capstan effect
appears to offer a solution to these functionality requirements.

A simplified model was created having a torso point mass supported via legs composed of a massless thigh
and shank bodies. A dynamically configurable torsion spring coupled the thigh and shank leg elements. Simu-
lations showed that the amount of torso kinetic energy transferred to the knee spring was dependent on the hor-
izontal torso velocity and the heel strike angle. This showed that a system having a higher torso velocity but a
smaller heelstike seg angle can transfer exactly the same amount of energy into the knee spring as a system hav-
ing a lower torso velocity but a lower heelstrike angle. It was shown that the angle of the stance leg seg when
the spring energy is released must equal the negative of the angle of the stance leg seg when the spring is at max-
imum torsion. If this condition is not satisfied, the average horizontal force does not equal zero and the average
vertical force does not equal to the torso weight. These appear to be necessary and sufficient conditions for loss-
less walking/running assuming the simplified model is valid. It was shown that these conditions can be achieved
if the spring constant is chosen such that the maximum torsion of the spring occurs when the torso is directly
over the ankle. These conditions can also be achieved if the knee is frozen at maximum spring angle and released
after the torso has rotated over the ankle. The later scheme was chosen to explore further because it appears to
be easier to implement.

Several knee spring latching mechanisms were examined including ratchets, disc brakes, drum brakes, and
capstan effect wire rope brakes. Assuming the shank is directly coupled to one leg of the torsion spring, there
appear to be four requirements of the latching mechanisms:

* a microprocessor controlled mechanism to couple the thigh to one end of the torsion spring;
a mechanical mechanism to freeze the knee angle when the energy stored in the spring is maximum;

* a microprocessor controlled mechanism to release the energy stored in the spring;
* a microprocessor controlled mechanism to dissipate energy created during period of positive work.

The capstan effect wire rope scheme was chosen because it has all of the right attributes. A design was intro-
duced which embodies the architectural ideas and several of the key components were designed. A curved can-
tilever composite spring made from Kevlar was constructed and tested. The mechanical advantage of the capstan
effect was measured using stainless steel wire rope wrapped around drums with different surface coatings. A jig
was created to prove that the capstan braking method was an effective way to freeze the drum.

Potential solutions for the interface between the human body were discussed. Particular focus was placed
on solving the problem of tissue compression. Several designs for the actuator were discussed and the power
consumption of the system was estimated.

The simulations show that it is in theory possible to create a system that significantly reduces the energy
consumption of walking. After the system requirements and the architecture was decided, plausible solutions
were found for several critical problems. Future work must be involve finding a solution to the control algorithm
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and improvements to the actuator design. Once a solution to the control algorithm is found, it is felt that a system
that implements these concepts and mechanisms discussed can significantly reduce the energy consumption of
human walking.
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