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Abstract

Design of a Passive Dual Joint Stance Assistance Knee Exoskeleton
Knee Exoskeleton
By

Minerva Vasudevan Pillai

Doctor of Philosophy in Engineering | Mechanical Engineering
University of California, Berkeley

Professor Homayoon Kazerooni, Chair

Lower Extremity Exoskeleton technology has been geared towards benefiting medical
and augmentation fields. Functional modularity in exoskeleton design allows practitioners
to prescribe exoskeletons which can be geared towards the user’s needs and abilities.
While most modular knee exoskeleton technology either live in the realm of medicine or
augmentation, a stance assistive knee exoskeleton can benefit both able bodied individuals
as well as individuals with decreased quadriceps function or knee weakness.
Fully passive systems are lower cost but have limited functionality. Powered systems
have diverse functionality but are expensive and large. Microcontroller controlled resistive
knees are more functionally diverse than fully passive system, but only provide system
resistance to motion and can be expensive.

Passive microcontroller controlled systems can lead to a low cost and functionally
versatile system. By embedding some of the required functionality into the mechanical
hardware of the system, the burden on the microcontrollers and need for sensors is
reduced. To determine the required functionality the characteristic behavior of the knee
during level walking and stair descent were studied. Characteristics for a stance assistive
knee joint exoskeleton are derived using biomechanics data. These characteristics are
1) The joint provides resistance to flexion during stance
2) The joint does not impede extension during stance

3) The joint can enter free mode under load at any knee angle

4) The joint has very low impedance / is free while extending and flexing during swing
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A dual jointed architecture with a clutch connected across one joint and a torque
generator connected across the other is developed to mechanically achieve requirements 1
and 4. By requiring the clutch or torque generator to provide resistance in one direction
but no impedance in the other, characteristic 2 is achieved. By controlling the locking and
unlocking of the clutch, characteristic 3 is achieved. The torque generator and clutch
requirements can be fulfilled by several passive mechanical components.
Several passive mechanical components were analyzed. It was determined that using a
wrap spring clutch as the clutch and using a gas spring as the torque generator provides
the required characteristics. This combination requires only a small actuator to lock and
unlock the clutch. This combination also allows the restoration of energy during extension
after it is stored during the resistance phases. This hardware combination results in a
stance assistance knee exoskeleton which is relatively small, light and can further help
reduce the metabolic cost associated with wearing an exoskeleton. A simplified controller
was implemented to gauge system performance.

Additional applications for the hardware architecture are proposed. These applications
include use of the knee exoskeleton with a modular hip. The hardware is not limited to use
as a knee exoskeleton. It can be used to reduce the erector spinae muscles forces in the
back, if it is installed at the user’s hip. Experiments are proposed to evaluate the effect of
the device on the biological joint torque and user’s metabolic cost.
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Chapter I
1

Introduction

1.1 Motivation

Lower Extremity Exoskeleton technology has been geared towards benefiting medical
and augmentation fields. In the medical field, passive and active exoskeletons have typically
played a support role for individuals with weakness or paralysis in their limbs[1][2][3][4].
In the field of augmentation, exoskeletons have been used to reduce user fatigue and to
increase load carrying abilities[5][6][7].

While most lower extremity exoskeleton consist of a hip, knee and ankle joints, some
work has been achieved towards developing single joint (modular) systems. Modularity
allows practitioners to develop exoskeletons which can be geared towards the user’s needs
and abilities.

Most modular knee joints for medical applications primarily function as a support
member. Knee exoskeletons can take the form of simple KAFO’s (knee ankle foot orthosis)
[8] or powered systems which can provide assistance standing up and walking up stairs[9].
Augmentation knee joints can be used to reduce metabolic cost for activities such as
running[10], or load carrying[11].
Aside from augmentation to reduce metabolic cost and increase user strength, here the
author proposes development of an exoskeleton that can be used to mitigate forces on a
user to reduce injuries. Over the course of our lives, the biological knee joint goes through a
lot of abuse. The knee joint provides more damping power than other joints during level
walking and descending activities[12]. The knee joint is the primary shock absorption
mechanism during a drop landing in men and women[13].

There is evidence that joint damage can occur with repetitive impulse loading[14]. One
third of the population show an impulse ground reaction force loading right after heel
strike[15][16]. This impulse loading can be even more forceful during stair
walking[17][18].

Quadriceps weakness has been linked to the larger impulse loads during heel strike for
this population[19][20]. The quadriceps weakness causes an increase in ankle velocity just
before heel strike. This increase in ankle velocity is associated with the impulse ground
reaction force. This neuromuscular incoordination is called ‘microklutziness’. In addition,
weakness in the quadriceps reduces the muscle’s shock absorption properties[19]. The
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resulting arthritis causes people to walk less, weakening the quadriceps further
exacerbating the problem. Joint injury leads to osteoarthritis in people who are in their 30’s
and 40’s[20]. Joint injury due to impulse loading can cause micro-fractures in the
trabecular bone[14]. Along with impact related damage, muscle fatigue related damage
also occurs. Studies in dogs have shown correlation between muscle fatigue and increased
bone strain[21].

Two potential exoskeleton related solutions can be implemented for this problem 1)
The ankle velocity before heel strike can be reduced by impeding swing extension or 2) The
impulse loading through the knee bones can be reduced by adding shock absorption at the
knee. Leg swing accounts for approximately 10% to one-third of the net metabolic cost of
walking[22][23]. Thus impeding leg swing to reduce the impulse loading is not a viable
strategy. Adding shock absorption at the knee, during stance, can distribute the loads
between the user and the exoskeleton as well as assist in reducing overall muscle fatigue.
This shock absorption manifests to resistance to flexion, which can also be beneficial in
medical applications. While most orthotic knee joints primarily have locked or free modes,
medical full exoskeleton technology and even modular exoskeleton technology can benefit
from resistant at the knee during stance to develop a more natural gait.

While medical and augmentation knee modules have typically been operated and used
in separate worlds, this thesis aims to design a system which can be used for either
application. To achieve this, the requirements of biological knee joint during stance must
be understood. Thus we must first investigate the biomechanics of the knee during gait.

1.2 Biomechanics

Before we delve into the biomechanics of gait, we must first learn the vocabulary of
biomechanics. The biomechanics vocabulary is used throughout this thesis to explain
relative locations and planes of motion.

1.2.1

Vocabulary

Motion of the limbs is referenced relative to the frontal, transverse and sagittal planes.
Walking and most forward ambulation occurs in the sagittal plane. The transverse plane
cuts the body in half at the hip and the frontal plane lies perpendicular to the transverse
and sagittal planes. Anterior is defined as the front side (face side) relative to the frontal
plane while posterior is defined as the back side relative to the frontal plane. Mediolateral
describes motion/ position left or right relative to the person.
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Figure 1: Human body motion are
defined in reference to three planes :
sagittal, frontal, transverse [24]

Figure 2: Direction of motion of the knee
and hip in the sagittal plane. Flexion is
the reduction of the angle between two
limbs and extension is the increase in
the angle between two limbs[25]

During gait (level walking, stair descent, stair ascent), 2 major phases exist (a) stance
and (b) swing. During stance, the foot in question is on the ground and supporting the load
of the user. During swing, the foot in question is in the air and does not support the users
load. Toe clearance is the ability of the toe to clear the ground during swing.
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Figure 3: A single stride of human walking beginning and ending with heel strike. The image is
adapted from [24].

Figure 4 : Different phases of stepover-step stair ascent (a) and stair
descent (b). The image has been
acquired from [26].

1.2.2 Behavior of the Knee
Figure 5 shows knee angle, knee torque and knee power during level ground walking,
stair descent and stair ascent. For level ground walking, stair descent and stair ascent, the
gait cycle is divided into 2 primary phases, stance (load bearing) and swing (non load
bearing). The cycle begins (0% of gait cycle) with foot strike and ends (100% of gait cycle)
with foot strike of the same leg. The stance phase beings at 0% of the gait cycle. The swing
phase begins approximately 60% of the gait cycle. The stance and swing phase in Figure 5,
is separated by a vertical gray bar.
It should be noted that the data depicted in Figure 5 represents only one data source.
Several other sources exist which provide angles and torques at the biological joints. Most
of these sources differ in the magnitude of the results, but they share the same general
behavior. In this section, we are looking at the general behavior of walking, thus only
inspect one data set. In later chapters, when torque and angles are used to determine
design criterion, the worst case from several different data sources is used as a reference.
The moment and power of the knee are normalized to body weight. Negative power in
Figure 5 depicts slowing down or damping motion of the knee. Positive power is associated
with acceleration at the knee joint.

The knee angle is the angle between the shank and the thigh, thus it is the relative knee
angle. A zero angle at the knee indicates standing, i.e. the thigh and shank are parallel.
When the knee angle increases, the knee is flexing. When the knee angle is decreasing, the
knee is extending.

Positive power is associated with the knee during stair ascent. To provide positive
power at the knee, an external power source such as a battery and motor would be
required. Assistive devices which aim to provide power to the user end up becoming bulky
to meet this requirement. These are discussed in more detail in section 2.1.5 and 2.2.
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Figure 5: Knee angle, moment and power
during a single stride of level walking,
stair descent and stair ascent are
presented. The cycle begins and ends
with foot strike. The data has been
adapated from [12]. A 30° incline is used
for stair ascent and 30° decline is used for
stair descent. The gray vertical line
separates the stance (left) and swing
phases (right) for each cycle. The moment
and power data are normalized to body
weight.

Negative power occurs at the knee during most of stair descent and level ground
walking. The infrastructure required to provide the user with shock absorption can be far
less bulky than that required to provide the user with positive power. A less bulky system
is more likely to get adopted by users. This conclusion is supported by the fact that most
orthotic and prosthetic systems primarily provide resistance to flexion during stance.
These commercial systems are suitable for activities of daily life (ADL) such as level
walking. Thus for the duration of this discussion we shall focus on the knee behavior during
level walking and stair descent.

Stance Flexion: During stance, knee flexion occurs twice in the gait cycle: once right
after foot strike, the other during the latter half of mid-stance continuing through terminal
stance (Figure 3). Most periods of increasing negative powers (during level walking and
stair descent) correspond to periods of flexion at the knee (Figure 5). As discussed earlier,
stance is body-weight-load bearing phase of the gait cycle. It thus follows that stance
flexion must be resisted. This conclusion is supported by the existing orthotic and
prosthetic technologies which are geared towards preventing flexion during stance. This
prevention is achieved by either locking the knee joint or by providing resistance to flexion.

Stance Extension: The initial stance flexion phase is followed by a stance extension
phase. Extension of the knee during stance suggests that the user is fighting gravity to
perform some task that is necessary for propulsion or safety. If an individual with
weakness in the knee or a paraplegic in an exoskeleton is in stance phase, impeding
extension of the stance leg at anytime would result in a lowered body position and could
compromise toe clearance of the opposite leg. Thus stance extension must be unimpeded.

Swing Phase: During swing, flexion and extension occur at the knee. Approximately
10% to one-third of the metabolic cost of walking is associated with swing phase[22][23].
Ferris et al have suggested disrupting the pendular mechanics of gait such as swing leg
motion can result in increased muscle activation and metabolic cost. Thus exoskeleton
designs should allow unhindered motion during swing[27][28]. In some cases, for
individuals with limited knee and ankle function, the hip joint provides supplemental
power to achieve swing and toe clearance during swing. This is achieved by accelerating
the hip. If the knee is damped during swing phase, the hip would have to compensate even
more. It is desired that swing phase in the extension and flexion direction are unimpeded to
prevent an unnecessary increase in metabolic cost. A small amount of extension resistance
towards late swing can be useful in some applications to reduce the shank velocity at the
end of swing or to prevent hyperextension for individuals who lack complete knee control.

Transition between Stance and Swing States: With the stance and swing
requirements determined, we now inspect the transition between stance and swing. During
the transition between stance and swing, the knee continues to flex. This flexion occurs
during terminal stance and continues during early swing (Figure 3). This suggests that the
resistance to flexion at the knee must be removed while the knee is flexing during stance to
permit free swing. The mechanical knee must thus be able to move to a free mode (free in
flexion and extension) from a resistive mode (providing resistance to flexion). The
resistive mode can create a load between the mechanical elements of the system. Thus the
mechanical knee must be able to enter free mode under load. This requirement is easy to
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understand by observing toe-off. During toe-off, all the lower extremity biological joints are
trying to begin swing propulsion and achieve toe clearance. This is achieved in part by
lifting the shank by flexing the knee. If the knee does not enter free mode before this point
and continues to resist flexion, the biological joint torques will increase to achieve toeclearance. If the exoskeleton is using a spring to provide flexion resistance, then the shank
is pushed in the extension direction, further requiring the biological joint to provide more
torque to flex the knee. The knee angle during the transition from stance to swing is
different for stair descent and level walking. The ability to enter free mode under load can
also be used for maneuvers such as stumble recovery. Thus controlling the knee between
resistive and free mode under load at any angle is necessary.
These observations, experience in design of other orthotic and prosthetic knees,
limitations in current technology lead to the formulation of the following characteristics
required for design of stance assisting knee exoskeleton.
1) The joint provides resistance to flexion during stance
2) The joint does not impede extension during stance

3) The joint can enter free mode under load at any knee angle

4) The joint has very low impedance / is free while extending and flexing during swing

1.3 Major Contributions and Outline of the Thesis
Current knee exoskeleton technologies are used for able bodied individuals (civilian
applications) or individuals with gait abnormalities (medical applications). Able bodied
systems aim to augment the user by adding power externally or restoring energy at the
joint to reduce metabolic cost during various activities such as running, climbing stairs or
load carriage. These systems (fully active and quasi-active) use large actuators, and several
sensors to determine the user’s intent for transparent operation and provide
augmentation. These devices tend to be large and obtrusive. While able bodied systems
have primarily been designed for augmentation, injury prevention exoskeletons can also be
beneficial.
The knee joint acts as a critical shock absorption agent during heel strike. In a large
population of people, quadriceps weakness and microklutziness cause large impulse loads
to go through the knee joint resulting in joint damage.

The biological knee mostly acts as a damper during flat ground walking, thus most
medical knee exoskeletons only lock and unlock the knee or provide resistance at the knee.
While these medical devices are less obtrusive; they are functionally limited and most
cannot be used by able bodied users.
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This thesis describes the design and implementation of a light weight, low profile
stance assistance knee joint which address the needs for medical as well as able bodied
applications. The architecture is capable of a shock absorption thus reduces the stress at
the knee during various activities such as level ground walking and stair decent. In
addition, the supportive nature of the device allows it to be used for individuals with
muscle weakness and joint arthritis due to various diseases such as osteoarthritis, polio etc.
This thesis identifies 4 critical characteristics of a stance assistive knee joint.
Architecture for a device is developed which can achieve the 4 characteristic performances
in mechanical hardware. The dual joint architecture incorporates a controllable clutch on
one joint and a torque generator on the other. Either the clutch or the torque generator
must provide free motion in one direction and resist motion in the other. The design
described in this thesis embeds the 4 characteristics into the mechanical hardware of the
device, thus eliminating the need for complex controllers and reliance on several sensors to
determine device state.

By providing free extension at all time, the resistive state can be initiated during swing
extension, this allows for immediate shock absorption by the mechanical hardware upon
heel strike. This is a more effective strategy than systems which use require ground
reaction force to begin stance resistance phase.
Several passive candidates are studied for use as the torque generator and the clutch.
A wrap spring clutch is chosen for the clutch and a gas spring is chosen for the torque
generator for the implementation. The controllable wrap spring clutch is capable of
unlocking easily under-load, which reduces the size of the actuator required.
In addition, by incorporating a gas spring in series with the clutch, we take advantage
of the smooth behavior of fluid damping, while also storing energy during the flexion phase
of stance and restoring energy to the user during the extension phase of stance.

In addition, this thesis provides generalized rules for elements which can be used for
implementation of the dual joint architecture to provide the critical characteristics of the
knee. It also explains the functionality, benefits and drawbacks of a select group of
elements.
This thesis also explores other applications for the architecture and describes
experimental protocols to determine the effect of the device on a user’s knee torque and
user’s metabolic cost.
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Chapter II
Prior Art

This chapter discusses the extensive prior art in the area of knee exoskeleton systems.
Medical orthoses/exoskeletons aim to replace lost control or supplement weakened joints.
Medical orthoses range from the simple hinge knee joints to microcontroller controlled
passive and powered knees. Augmentation exoskeletons aim to reduce user fatigue. Most
augmentation systems are powered and microcontroller controlled.
Several knee exoskeletons, for augmentation or for medical use, exist commercially and
have been developed in academia. The knee exoskeleton systems place a mechanical joint
in parallel with the human biological knee joint. Some notable exoskeletons are described
in this section.

2.1 Medical Orthoses

Traditional orthoses such as knee ankle foot orthosis (KAFO’s) and Reciprocating Gait
Orthosis(RGO) are prescribed for individuals with various lower limb mobility disorders
and dysfunctions, including quadriceps weakness, partial and full paralysis. RGO’s and
KAFO’s provide different level of support to users, but both require the use of a mechanical
knee joint to support the user’s weight. These orthoses have knee joints that lock coronal
and frontal knee motion; however, sagittal motion is restricted by various means.

2.1.1 Locked/ Unlocked

These knees stay locked such that the biological leg is straight during the stance and
swing phase of walking. This results in the user walking with excessive hip hike and leg
circumduction during swing to obtain toe clearance[29]. A pull-release cable is used to
unlock the knee[30], which can permit bending the shank relative to the thigh for sitting..

2.1.2 Mechanical Stance Controlled Knee (SCKnee)

Most of these knee joints are resistive (knee is locked to flexion and extension) during
stance and can become a free joint (can flex and extend without resistance) during swing
modes of walking. This eliminates the hip hike and results in a more symmetric gait and
increased mobility[31].
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Figure 6: Simple knee exoskeletons: Lock-Unlock and Stance controlled knees with various
methods of activation. Several different methods to lock and unlock the knee are used. All
mechanisms presented use a different method for locking and a different method for controlling the
device state. The image on the left describes a simple, lock-unlock knee. The first 3 methods lock
only at a single location controlled by the ankle or thigh angle or user input. The last 2 methods lock
at any angle. The knee is locked under load in all methods, i.e. the knee must be unloaded before the
user can initiate a step.

The majority of SCKnee resist motion by means of a pawl or by wedging the rotary
mechanical knee joint. Controlling the locked and unlocked state of the SCKnee is achieved
via various means:
a cable controlled by a fixed ankle angle releases a pawl to free the knee (OttoBockFree
Walk, Becker UTX),

during heel strike a push rod pushes a cam up against a friction ring around the knee
joint axis to lock the joint (Horton Stance Control Orthosis[32]),

a weighted pawl/pendulum uses gravity as a gauge for absolute thigh angle to lock and
unlock the knee joint (Fillauer Swing Phase Lock [33]),

a switch at the foot activates an electromagnet which engages two ratcheted plates to
lock the knee against rotation (Becker 9001 E-Knee),

a microcontroller using foot sensors and joint angle measurements to control a
solenoid to unlock a one way wrap spring clutch (OttoBock Sensor Walk [34]),

a push rod controlled by ankle angle or foot pressure displaces a switch plate which
activates stance mode, where flexion in the knee increase tension in a belt around the knee
joint (Ottawalk Belt-Clamping Knee Joint) .

While stance controlled knees do provide increased mobility, as several of these
devices use passive methods of detecting stance or swing phase, they lack in robust
function during different gait cycles. Devices dependent on using ankle angle or gravity to
trigger, fail to trigger on uneven terrain and stairs; devices dependent on ground reaction
forces are subject to falling out of their optimal triggering states leading to unreliable
locking performance. The fixed nature of the free-locked actuation systems for some knees

limit the usability to level ground walking and a single cadence[8]. Some knees only lock
when fully extended [8]. Ottawalk Belt-Clamping Knee can provide some initial resistance
to flexion during heel strike before locking out the knee.

The latter three knee joints (Becker E-Knee, the OttoBock Sensor Walk and the
Ottowalk Belt-Clamping Knee) only resist/lock flexion and always provide free extension.
The E-knee and the Sensor Walk are microcontroller controlled knees and are thus
triggering of the stance and swing phase is more robust to changes in terrain due to the use
of various sensors. However these knee are still limited for use with able bodied
individuals as they only lock and unlock the knee.

Model

Advantages

Disadvantages

Otto Bock Free Walk/Becker
Orthopedic UTX

Lightweight

Locks only in full knee extension

Horton Stance Control Orthosis

Good functionality

Bulky

Fillauer Swing Phase Lock

Lightweight, autonomous

Locks only in full extension

Becker Orthopedic 9001
E-Knee

Good functionality

Bulky, heavy, noisy, expensive

Otto Bock Sensor Walk

Good functionality,
under load

unlocks

Bulky, heavy, noisy, expensive

Table 1: Characteristics of SCKAFO's investigated in[8]

2.1.3 Special Section: Wrap Spring Clutch Knee
Due to its importance to the design described in this thesis as well as its relevance to
additional prior work described in the following sections, it becomes prudent to explain the
working principle behind the wrap spring clutch.
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Figure 7: Model of wrap spring clutch knee

Figure 8: Exploded view of simple wrap
spring clutch knee

The wrap spring clutch knee involves a torsion spring wrapped around 2 concentric
arbors, with no diametrical clearance between the wrap spring and the arbors. The inner
diameter of the torsional spring before installation is smaller than the outer diameter of the
arbors. Arbor 1 is rigidly connected to the shank, while Arbor 2 is rigidly connected to the
thigh. One end of the wrap spring should be grounded to the thigh or the shank (Grounded
to the thigh in Figure 7).

In the absence of the wrap spring, the concentric arbors are allowed to rotate with
respect to each other, thus permitting the thigh and shank to rotate relative to each other.
In the presence of the wrap spring, when the shank rotates in the direction of the wrap
(Clockwise in Figure 8), the friction force between arbor 1 and the wrap spring clutch
tightens the wrap spring. This results in reducing the diameter of the wrap spring creating
a clamp between the arbor 1 and arbor 2. This prevents relative motion between the 2
arbors.
When the shank rotates in the direction opposite to the wrap (counter-clockwise), the
friction force between the arbor 1 and the wrap spring clutch causes an increase in the
diameter of the wrap spring. This allows the shank to rotate freely in the opposite direction
of the wrap. This behavior can be manipulated to obtain free extension at all times while
being locked during other scenarios.
In addition, a small actuator can be used to control one free end of the wrap spring to
move against the direction of wrap. This controls the diameter of the wrap spring. Thus
giving us full control of locking and unlocking of the knee. When the actuator pushes the
free end of the wrap spring against the direction of the wrap, free mode is achieved where
free flexion and extension is possible.

While the Otto Bock Sensor Walk is primarily used for lock and unlocking knee
functionality, the wrap spring clutch mechanism can be modified to obtain other
characteristics. A wrap-spring clutch knee with additional damping characteristics was
developed by [35]. This knee architecture varied the position of a controllable actuator to
move the tang of the wrap spring to change the amount of active wraps around the hub.
The damping capabilities and design parameter of the wrap-spring clutch design are
explained in detail in [35]. However this design does not provide sufficient damping
resolution between the states of fully locked and free states at the knee.
Due to the limited resolution of damping from this traditional wrap spring architecture,
a modified wrap-spring clutch design was developed in [36]. This is further discussed
under Protective knee.

A more detailed explanation of the design of these SCKnee is provided in [8]. In
addition, to above mentioned knees, other knee designs that provide variable impedance
during various gait profiles exist.

2.1.4 Variable Damping Knee

Figure 9: C-Brace a microcontroller
controlled hydraulic knee exoskeleton. It
uses a microcontroller and sensors to
determine the user’s intent and vary the
system resistance accordingly

Figure 10: Protective knee. Uses a wrap
spring surrounding a slotted ring to vary the
damping the user feels

C-Brace[37]

Developed by Otto Bock, the C-Brace is a hydraulic knee exoskeleton indicated for
individuals with incomplete spinal cord injuries, weakness or paresis of the quadriceps and
post-polio syndrome. The C-Brace is the first commercial mechatronic Stance and Swing
Phase Control Orthotic system[38]. The C-Brace measures knee angle, velocity and
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acceleration as well as relative ankle flexion and extension to determine the wearer’s
intent. The microcontroller then varies the resistance of the knee joint based on the user’s
intent. The sensors and microcontroller allow the brace to adapt to various user speeds and
terrain. This knee joint only provides resistance at the knee. The control strategy of the Cbrace provides extension resistance during stance and provides resistance to flexion and
extension at various points during swing phase. It is worth noting that with a hydraulic
damper head loss during fluid flow cannot be avoided thus some damping even in the free
mode occurs.

Protective Knee [36]

Developed in the Human Engineering Laboratory, at U.C. Berkeley, this knee improves
the resolution of damping on the traditional wrap-spring clutch. This design incorporates a
slotted ring placed over the free arbor in the wrap spring design. The rotation of the wrap
spring in the direction of wrap results in a decrease of the inner diameter of the wrap
spring, creating a corresponding deflection on the beams of the slotted ring. This deflection
varies the clamping force between the arbor and the slotted ring. Thus by controlling the
position of the tang on the wrap spring variable resistance is achievable.

To determine the desired state of device, an IMU outputting thigh angle and a magnetic
encoder at the knee are used. The primary means of providing damping is dry friction in
this design. Due to the difference between the coefficient of static and dynamic friction, the
resistance obtained by this mechanism has discontinuous characteristics. In addition, due
to the clamping of the wrap spring to one of the arbor, a backlash is created in the wrap
spring clutch permitting an initial period of free flexion before the resistance begins. This is
not ideal behavior for a shock absorption exoskeleton. This is further addressed in Section
4.4

15

16

Figure 11: Controllable
Damping Wrap-Spring
Clutch Knee

Both the C-Brace and the Protective Knee provide resistance to flexion but they do not
provide energy return. It is possible to add a spring between the thigh and the shank for
either devices to provide energy return. For the C-brace, it can be possible to add a spring
outside the shaft of the hydraulic actuator to assist with spring return. With these spring
return mechanisms, during swing flexion the user will have to fight the spring. Either the
intact knee function must fight the spring to get toe clearance, the intact hip would need to
accelerate sharply to assist in flexing the knee or the intact hip will hike up to attain toe
clearance. This form of spring placement and hip stratergies are common practice for
hydraulic prosthesis used by amputees. While amputation of the knee does not necessarily
result in any impairment of the hip joint, often paralysis affects all joints on one side to
some extent. Thus installing a spring which is constantly operational can impede swing
flexion and is not recommended for orthoses.

2.1.5 Powered Medical Knee Orthosis
Tibion/AlterG Bionic Leg [39]

Developed by Tibion, Bionic leg is a powered electro-mechanical medical device used
after injury caused by stroke or trauma to relearn activities. The knee uses a pressure
sensing shoe insert and an angle sensor at the knee to control two actuators.
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Figure 12: Tibion powered knee joint. This
medical knee adds power to the user using a
motor. This knee can assist users to climb stairs

The device can provide assistance standing up and sitting down as well as for stair
climbing. The device is however large and bulky.

2.2 Augmentation

2.2.1 Powered Knee Exoskeleton
RoboKnee[11]
RoboKnee is an electro-mechanical knee brace, designed to assist the wearer to climb
stairs and perform high flexion knee bends while carrying a heavy load in a backpack. It
uses a Series Elastic Actuator to obtain a low impedance, high force-fidelity behavior. The
design uses a ball screw actuator connected in series with 4 die compression springs
(connected in parallel). The device uses load cells embedded in rigid-body bike shoes to
determine force and location of pressure on the foot and an encoder on the linear actuator
to determine joint angle and velocity.
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Figure 13: Robo Knee: An electromechanical
knee brace to assist stair climbing and load
carrying

Unlike most other knee exoskeletons, this device places the actuation system posterior
to the knee joint, rather than lateral to the knee joint. This makes it difficult to don and doff
the device and to sit. Also due to the low energy density of the batteries, it doesn’t achieve a
long run time [11].

2.2.2 Quasi-Active Knee Exoskeleton
MIT-Running Knee[10]

MIT-Running Knee is an electro-mechanical joint which uses a linear ball screw
actuated mechanism to constrain and release compression die springs. The knee is
designed to reduce metabolic cost of running.
During stance, the linear ball screw mechanism positions a plate by the die springs. The
user’s knee flexion compresses the die springs, and the stored energy is released during
stance extension. During swing phase, the plate is lifted such that the springs are not
constrained and the user can move their knee freely.

19

Figure 14: MIT-Running knee: A quasi-active
knee to reduce metabolic cost during running

The ball screw is not used to add energy to the person. The device measures knee
angle, position of the motor shaft as well as heel strike using a footswitch in an insole to
determine the user’s intent. While functionally similar to the device described in this
thesis, the use of high power actuation elements makes this device large, and requires
larger batteries.

2.1 A New Approach

This thesis describes a device which incorporates two energetically passive
components to achieve the primary characteristics of a modular knee exoskeleton in
mechanical hardware, while also providing restorative energy. These primary
requirements are identified to be
1) The joint provides resistance to flexion during stance

2) The joint has very low impedance to extension during stance
3) The joint can enter free mode under load at any knee angle

4) The joint has very low impedance / is free in extension and flexion during swing

A general architecture to obtain the above characteristics is developed. To keep the
system accessible several off-the-shelf components were favored for use in the design. The
final embodiment incorporated two energetically passive components: wrap- spring clutch
and a gas spring to provide resistance to stance flexion as well as to restore energy during
stance extension. The ability to restore energy allows this knee to be more energetically
efficient than pure mechanical damper knees. The mechanical system is designed to
accommodate an inertial measurement unit (IMU) at the thigh and a magnetic encoder at
the knee joint. The IMU at the thigh provides absolute thigh angle information while the

magnetic knee encoder provides relative knee angle information. By embedding several
mechanical requirements in the hardware, a simple and small actuator and the IMU at the
thigh are used to control the state of the device. The design considered the following
criteria: The weight of the final device must be less than a regular KAFO (5lbs). The Sensor
Walk is capable of taking 15000 steps with a single charge[40]. The next chapter described
the hardware architecture and implementation of the device in its current state.
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Chapter III
3

Dual Joint Clutch-Spring Knee Exoskeleton

The critical performance characteristics that make a modular knee exoskeleton safe
and energetically effective are
1) The joint provides resistance to flexion during stance
2) The joint does not impede extension during stance

3) The joint can enter free mode under load at any knee angle

4) The joint has very low impedance / is free while extending and flexing during swing

Stance controlled knees that use mechanical triggers to unlock the knee are limited to
working under very constrained conditions. Commercially available microcontroller
controlled resistive knees use expensive sensors and only provide resistance to flexion
during the gait cycle. Powered knees are bulky and also use expensive sensors and
actuators.

This thesis describes using energetically passive elements such as a gas spring and a
wrap spring clutch to develop an inexpensive energetically passive microcontroller
controlled knee exoskeleton for both medical and augmentation applications. In addition to
fulfilling the requirements stated above, this system manifests as a low cost, low profile
knee joint capable of proving resistance to stance flexion as well as restoring energy during
stance extension. This architecture is also capable of completely disengaging the spring
component at any time allowing users to benefit from the spring return but relieving them
from needing to fight the spring during other activities. The restorative ability during
stance can also be used to provide Sit-to-Stand assistance. Below we describe the function
of the wrap spring clutch- gas spring knee.

3.1 Dual Joint Wrap Spring Clutch-Gas Spring Knee Exoskeleton

The desired characteristics are a result of the behavior of the architecture presented in
this section. While this thesis focuses on the analysis and design of a specific configuration
of this architecture, the architecture can be generalized for use with other elements and for
use in additional applications. Thus we begin this section by generalizing the architecture.
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Figure 15: Generic schematic for dual joint architecture

The first link connects to the center link at joint 1, such that the first link and center
link can rotate relative to each other at joint 1. A torque generator is attached to the first
link and center link. This torque generator resists the motion between the first link and the
center link.
The other end of the center link is connected to the second link at joint 2, such that the
second link can rotate relative to the center link at joint 2. A clutch is connected between
the second link and the center link. This clutch impedes rotation of the second link to the
center link. The clutch has the ability to unlock such that it permits free rotation in both
counter clockwise and clockwise directions.

Either the torque generator or the clutch must only impede motion in the counter
clockwise direction at all times.

The locking and unlocking of the clutch can be controlled by an actuator. The
impedance of the clutch can be in the form of resistance or completely locking. The
impedance of the clutch must exceed the resistance of the torque generator, so that the
resistance to the motion of the second link in the counter clockwise direction compresses
the torque generator. This configuration provides the maximum impedance of the system.
This allows for the following operations:

1) When the clutch impedes rotation between the center link and the second link, the
rotation of the second link relative to the first link in the counter clockwise direction
is impeded by the torque generator.
2) As the clutch or torque generator only impedes motion in the counter clockwise
direction, motion in the clockwise direction is unhindered, thus the second link can
always move in the clockwise direction relative to the first link.
3) When the clutch is unlocked, the rotation of the second link relative to the first link
is free in both the counter clockwise and clockwise directions.

Operation 1 satisfies the characteristic requirement number 1. Operation 2 satisfies
characteristic requirement 2. Operation 3 satisfies the characteristic requirement number
4. By using a controllable clutch that can unlock under load, requirement 3 is fulfilled.

This mechanism basically allows for either free motion or resisted motion of the
second link relative to the first link in the counter clockwise direction depending on the
state of the clutch, while always permitting unimpeded motion of the second link relative to
the first link in the clockwise direction.
For the knee exoskeleton, the first link is connected to the user’s thigh, the second link
is connected to the user’s shank. The counter clockwise direction is the flexion direction.
The clockwise direction is the extension direction.

The torque generator and clutch requirements can be fulfilled by various passive
elements; these include but are not limited to

torque generator: hydraulic cylinders, gas springs, rotary dampers, lockable gas
springs
clutch: wrap spring clutch, Fillauer swing phase lock joint

The torque generator and the clutch can also be active elements such as motors. This
would result in a system that does not utilize the novelty of the proposed architecture
which can be implemented with passive components.
Not all combinations of the two types of elements can fulfill all the above requirements.
The Fillauer and the rotary damper do not provide free extension, thus cannot be used
together. The details about these torque generators and clutch mechanisms, their function
and operation are described in detail in chapter 5. In this chapter, we primarily discuss the
implemented system.
In the implemented system, the torque generator is represented by a gas spring and the
clutch by a wrap spring clutch.

The wrap spring clutch is installed such that it resists motion in the flexion direction
and provides free motion in the extension direction. The wrap spring can be unlocked so
that it provides free motion in both extension and flexion directions. The wrap spring
requires very little force to unlock under load, thus a small actuator can be used to control
its state.
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The gas spring is installed such that it provides resistance in the flexion direction. Once
flexed the gas spring restores the absorbed spring energy to the user during motion in the
extension direction.
This allows for the following gait characteristics:

Figure 16: During stance, the wrap spring locks the center link to the second link in the
flexion direction. When moving in the flexion direction, the center link and second link
behave as one entity. The resultant architecture behaves similar to a system with a gas
spring between the first and second link only.

During stance, the wrap spring clutch resists motion between the center link and the
second link in the flexion direction. The first link is connected to the user’s thigh and the
second link is connecter to user’s shank. Thus the second and center link move as one unit
with the user’s shank. The resulting system behaves as if the gas spring is connected
between the first link and the second link. Thus the thigh and the shank are connected via
the gas spring. This allows the gas spring to resist knee flexion. The energy stored in the gas
spring during stance flexion is returned to the user during stance extension.
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Figure 17: During swing, the wrap spring clutch is unlocked. The gas spring connection
between the first link and the center link appears rigid when compared to the unlocked
wrap spring clutch joint. The resulting architecture behaves similar to a system with an
unlocked wrap spring between the first link and the second link.

During swing, the wrap spring clutch is unlocked. In this mode, the high spring force of
the gas spring makes the connection between the first link and the center link equivalent to
a rigid link (in comparison to the free rotation between the center link and the second link).
Thus the first and center link move as one unit with the user’s thigh. Thus when the user
moves their shank relative to the thigh during swing, they feel no resistance in either
flexion or extension.

3.2 Mechanical Implementation: A Single Articulating Joint

The implementation of the architecture can be achieved in its simplest form by having
2 separate mechanical joints with the gas spring and wrap spring on each joint. However
this design would have 2 articulating joints as well as would be physically long. This would
make it difficult to align the mechanical exoskeleton joint to the biological knee joint, which
is undesirable.

The size of the system can be significantly reduced if the axis of rotation of joint 1 and
the axis of rotation of joint 2 coincide. Thus the length of the center link is 0. This thesis
realizes a design which replaces the center link with a rotary hub achieving this zero
length. The wrap spring requires the center link to possess a cylindrical arbor, which the
wrap spring is wound around. A rotary hub with an arbor and an arm to connect to the gas
spring replaces the center link. The wrap spring is wound around the arbor of the rotary
hub and the gas spring is connected to the arm of the rotary hub. This is depicted in Figure
19, Figure 18 and Figure 20.
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Figure 18: The center link can be
converted to a rotary hub. The
rotary hub consists of
2
components a gas spring arm
which connects to the gas spring
and the arbor which the wrap
spring is wound around. This
results in a zero-length for the
center link.

Figure 19: Model of Dual
Joint Knee Exoskeleton

This design allows a single articulating joint for the exoskeleton. This makes aligning
the exoskeleton joint with the biological joint easier. This alignment is important for the
user to feel unimpeded by the exoskeleton. The resultant length of the device is similar to
the length of the device with just a gas spring. This makes the device more accessible to
shorter users. Below we describe the mechanical structure of the developed device.
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Figure 20: Exploded view of knee exoskeleton

The gas spring (108) is connected on one end to the first link (102) and to the
rotary hub (104) on the other. The wrap spring (112) is connected between the rotary hub
(104) and the second link (110) via the clamp (116). The second link consists of 2
members: second link(a) and second link(b). The clamp (116) clamps one end of the wrap
spring clutch to second link(b) thus rigidly connecting the wrap spring to second link(a).
As the wrap spring is fixed relative to the second link, a servo motor (115) is attached to
second link(a).
Several alternative constructions are also possible that shall permit the same
performance characteristics:
1) The gas spring (108) is connected between the second link (110) and the rotary
hub (104), while the wrap spring (112) is connected to the rotary hub (104) and
the first link (102).
a. The wrap spring (112) is clamped to the first link(102)
b. The wrap spring (112) is clamped to the rotary hub (104).
2) The gas spring (108) is connected between the first link(102) and the rotary
hub(104).

a. The wrap spring (112) is clamped to the second link (110).
b. The wrap spring (112) is clamped to the rotary hub (104).

As mentioned earlier, the design implemented connects the gas spring between the
first link and the rotary hub .i.e. the gas spring lies along the thigh. This results in lowering
the inertia felt by the hip joint due to the weight of the brace. Adding weight to the thigh
results in a small increase in metabolic cost when compared to adding weight to more
distal parts of the leg [41]. The wrap spring band (120) is an addition to the wrap spring
assembly to reduce backlash in the system. This is discussed further in section 4.2.2.
The servo motor must move with the wrap spring so that it has access to the control
tang of the wrap spring at all times. Ideally we shall install the servo motor on the first link
or the second link, to reduce the size of the rotary hub (104). Thus, as the gas spring is
connected between the first link and the rotary hub, the wrap spring (112) is clamped to
the second link in the implemented design. The relationship between the servo (115) and
the wrap spring tang (119) to control the state of the exoskeleton is described in Figure 21
and Figure 22.

Figure 21: Knee motion in resistive state. When the wrap spring tang (119) is pulled in the
direction of the spring wrap, the system is in the resistive state. When the knee moves in the flexion
(111) direction, the gas spring (108) is compressed as can be seen in the image to the right.
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Figure 22: Knee motion in the free state. When the servo (115) moves the wrap spring tang (119)
away from the direction of wrap, the wrap spring is unlocked. During unlocked mode/free state,
knee motion in the flexion direction (111) is not impeded by the gas spring and the gas spring
remains uncompressed (right) when the second link moves in the flexion direction.

Figure 20 depicts various thrust and radial bearings that were used in the device.
These bearings are not listed in the figure. A magnetic encoder is mounted between the
first link and the second link to obtain the relative knee angle of the user at all times. The
microcontroller and electronics include an IMU, which provides absolute thigh angle.

3.3 Mechanical Implementation: Soft Human Machine Interface

During the development of exoskeleton systems, the soft human machine interface
has a critical part to play. The interface with the human defines how toque and forces are
transmitted to the user and governs the comfort of the user. Full body exoskeletons are
constrained to the user from the top and bottom (shoulder straps and foot support). Since
we are developing a modular system, the constraints present with a full body exoskeleton
system do not exist, thus bracing requirements must be visited.
The forces applied on the user’s thigh through this exoskeleton resist flexion. A
simple schematic of the force vectors are shown in Figure 23. The direction of the force
governs which side of the interface must be hard or soft. Compliance in the interface

between the exoskeleton and the human would result in a non-optimal transfer of load as
the load might only deform/ move the interface. Based on Figure 23 b, we can see that the
brace structure posterior to the user’s thigh and shank must be “hard”.

(c)

Figure 23: Bracing Forces (a) schematic of the brace on the leg (b) the desired flexion force vector
on the leg (c) The force due to the gas spring and the user on the exoskeleton structure.

Initial experiments used modified off-the-shelf knee brace as the mechanical
structure for the exoskeletons. The original system knee joint was removed and replaced
with the developed joint. It was observed that while the system provided resistance to
flexion, the brace has a tendency to slip. Eventually this leads to a large misalignment
between the biological knee joint and the exoskeleton’s knee joint, making walking
uncomfortable. The slipping is due to the forces on the exoskeleton from the gas spring. As
can be seen in Figure 23(c), the spring force can be divided into 2 components, one Fflex
provides resistance to flexion and the other Fslide results in a force vector parallel to the
knee exoskeleton limbs. If the bracing friction force, Fthigh friction or Fshank friction, is not larger
than the sliding component of the gas spring force Fslide, then the brace will slide. The
overall direction of sliding is a function of which end of the brace is more securely fastened.
Typically the conical shape of the biological upper thigh limits the exoskeleton from sliding
up, resulting in the system slipping down.
To prevent the sliding, a custom brace was developed for the knee joint. The
perspective user’s thigh and shank were molded using orthopedic casting materials.
Carbon fiber was overlaid on the molded components.
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(a)
(b)
Figure 24: (a)Custom brace being aligned before carbon fiber lay up (b) Carbon fiber brace in use

The custom bracing did not alleviate the slipping problem and sometimes resulted
in discomfort for the user. This is most likely a result of the leg musculature changing shape
during different phases of gait. For example, the aspect ratio of the thigh cross section (in
the transverse plane) changes during sitting versus walking and even during various
phases of walking. High friction padding as well as tight fitting of the device were
evaluated but increased the system weight and user discomfort.
To make the device more comfortable and more robust to changes in users, the
brace structure at the shank was extended towards the ground. This extension constrains
the exoskeleton from sliding further down. This extension requires the incorporation of an
ankle joint to the system. To minimize the physical profile of the foot, which is important
for maintaining maneuverability, an inside-the-sole ankle brace for athletes was
incorporated. This additionally, allows the use of off-the-shelf bracing at the thigh and
shank. The location of the heel relative to the knee and the location of the thigh relative to
the knee are fixed by off-the-shelf bracing. However, calf size and location vary between
users. Instead of adding numerous adjustments, a semi-rigid conformable plastic material
is used for the calf brace. The final system is shown in Figure 25.
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Figure 25: Developed Knee
Exoskeleton. The brace consists of
a hard thigh shell in the back, a
semi-compliant calf strap and an
off-the-shelf ankle brace

Alternatively, connecting the knee exoskeleton to the hip or the user’s pants can be
explored to prevent sliding down. However, by attaching the knee to the foot, the load of
the device is transferred to the ground. It is worth noting that while this architecture can be
used for fully supported (medical applications) and assistive applications (medical and
augmentation applications), the device built is intended for assistive medical and able
bodied applications.

3.4 Sensors and Control
The system described has 2 controllable mechanical states: Resistive and Free. The
resistive state is associated with the locked state of the wrap spring and the free state is
associated with the unlocked state of the wrap spring. The device must be resistive during
stance flexion and free during swing flexion. The device always allows free extension,
regardless of state, so no additional states are required to enable walking. The free and
resistive states are achieved by controlling the tang of the wrap spring clutch. In Figure 21,
a rotary hobby servo motor is used to change the states of the device. This servo motor is
connected to the tang via a linkage mechanism.

As the goal of this thesis is to develop a low cost modular knee exoskeleton system,
reducing system complexity is critically important. The primary activities that the device
must distinguish between are stance walking and swing walking. In addition, entering
resistive mode during stair descent stance, squatting and sitting are desired.

The state machine for the Protective knee described in [42] is computationally easy to
implement and uses few sensors to control a knee exoskeleton with free extension. The
state machine uses an absolute thigh angle measurement and relative knee angle
measurement to determine the user’s state. The state machine in [42], has 3 mechanical
states and primarily focuses on the level ground walking and stair descent. During stair
ascent, the knee is kept free.

Figure 26: State machine for knee exoskeleton with free extension [42]
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Figure 27 : Convention for thigh angle and
knee angle. Thigh angle is measure relative
to gravity. Knee angle is measured as the
relative angle between the thigh and shank

Due to the ease of implementation, a modified version of this state machine is
implemented in the device described in this thesis. The modified state machine is shown in
Figure 28.
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Figure 28: Preliminary implemented state machine.

The implemented state machine has 4 software states: resistive, free, locked and
unlocked. A maximum (𝜃̅) and minimum (𝜃) thigh angle threshold is used to determine
entrance to the free and resistive states. The values of 𝜃̅ and 𝜃 thresholds are empirically
determined for each user based on level walking thigh angle data. The user has access to a
locking signal, an unlocking signal and a regular signal. In the unlocked state, the knee
remains free, i.e. the wrap spring is unlocked. In the locked state, the knee is resistive, i.e.
the wrap spring is locked.
The unlocking signal moves the knee into the unlocked state. The locking signal
moves the knee into the locked state. The regular signal moves the knee into the resistive
state. The free state can only be accessed from the resistive state.

During stance phase of walking, the exoskeleton must be in a resistive state. As the
mechanical hardware provides free extension at all times, the resistive state can be
initiated during the extension phase of swing. This ensures that when heel strike occurs the
exoskeleton will be ready to absorb the shock. The resistive state is triggered during swing
extension phase when the thigh angle, as defined in Figure 27, is positive and above 𝜃̅. i.e.
the thigh is in front of the vertical gravity line in Figure 27. The transition from stance to
swing occurs when the thigh angle is negative and below 𝜃 .i.e. the thigh is behind the
vertical gravity line.

During stair climbing stance, the knee assists with propulsion and requires the input
of positive power. The stance knee is extending for most of stair climbing, and flexes
slightly before entering swing phase. The knee exoskeleton presented in this thesis, does
not assist with propulsion but assists in resisting flexion, thus supporting the thigh. As the
device is capable of resisting flexion while providing free extension without changing state,
during the weight acceptance and pull-up phase of stair ascent (Figure 4) the device can
assist in providing the user with support. While the state machine in [42], makes the knee
free during stair ascent, the implemented state machine has been modified to allow stair
ascent support. Unlike stair descent and level walking, the swing phase during stair
climbing is initiated with a relatively vertical thigh. The minimum thigh angle threshold
cannot be decreased as it will cause the knee to unlock during level ground stance. In order
to provide this support, during stair ascent stance, a modified gait must be adapted by the
users. This modified gait requires the user to exaggerate the hip extension during the late
stance phase while stair climbing, in order to reach the minimum thigh angle threshold to
switch states. In most users, this modified gait was required for the first step, transitioning
from level ground walking to stair ascent.
During stand-to-sit, the knee flexes continuously until the user is unloaded on the
chair. This means that the thigh angle is large and the knee angle is large as we continue to
flex. The positive thigh angle threshold to enter resistive mode satisfies this case as well.

A natural gait includes a small amount of knee flexion during early swing while
descending from stairs[12]. This has not been accounted for in the state machine in [42].
To determine what triggers can be used to identify the various phases, this thesis studies
posture during transitioning phases. These transitions are presented in Figure 30.

It can be seen that the lower body pose for sitting, squatting and stair descent are
similar. This can also be seen by comparing the similarities between Figure 33 (b) and (f).
The desired system state for stand to sit and squatting is resistive for the entire motion.
Thus knee angle differences between squatting and stair descent were investigated to try
to distinguish between the 2 states. Knee angle behaviour during stair descent swing are
similar to that during squatting and sitting. The angular thresholds between the activities is
too small to distinguish between the activites as they can overlap between users (Figure
29). In addition for a substantial portion of stance, the squatting knee behavior is the same
as the stair descent knee behavior. Thus if a bent knee angle criterion is added to the
forward thigh angle to put the knee in the free state for stair descent swing, free state will
be initiated in the middle of squatting. Thus thigh angle and knee angle are not sufficient to
distinguish between the initiation of stair descent swing and squatting/ stand-to-sit.
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Figure 29: Comparison of knee angle during squatting[43] and stair descent[12].
Approximately 60% of the cycle marks the transition point between stance vs swing for stair
descent. The stair descent incline is 30°. At the transition point the knee angle during squatting is
the same as stair descent. Thus knee angle cannot be used to distinguish between stair descent
swing and squatting.

Figure 30 compares level walking transitions[44], sit-to-stand[45] transitions,
squatting[43], stair ascent[26] and stair descent[26]. The data for stair ascent and descent
is for a normal step over step climbing gait[26]. The stick figure squatting was adapted
from [43]. The torso was created by connecting the shoulder to the center of the hip link
shown in the original source.
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Figure 30: Body postures when entering different phases of activity. Swing transition is
characterized as the state preceding the foot off the ground. Stance transition is characterized as
the state preceding the foot contact with the ground.

Based on Figure 30, additional information such as load on the foot (heel and/or toe)
would supplement our knowledge of user’s intent. If foot strike is used as a trigger for
stance, the shock absorption of the device during heel strike shall suffer. By providing free
extension at all times, the resistive state can be initiated during swing, this allows for
immediate shock absorption by the mechanical hardware upon heel strike. This is a more
effective strategy than systems which use require ground reaction force to begin stance
resistance phase.

Implementation of a robust foot sensor would reduce the modularity of the device. At
present the device is self-contained and allows the user to wear their own shoes and braces
if necessary. Inclusion of foot sensors and routing of cables across 2 joints (ankle and the
knee) can be challenging and lead to a more complex and expensive system. It would

require a faster microcontroller and faster actuators to respond to the state change in a
timely manner. While it is worth exploring in the future, this thesis focuses on maintaining
the modularity of the system while lowering its complexity.

If the user is wearing a knee exoskeleton on each leg, communication between the knee
exoskeletons can be used to infer the user’s state. For example: if both knee exoskeletons
bend beyond a threshold at the same time, squatting or sitting posture can be assumed. If
asymmetric behavior occurs, then the state machine in Figure 28 is sufficient.
To simplify the system and maintain its modularity, a modified stair descent gait can be
adopted by the users. At the end of stair descent stance, the user’s toes must be over the
edge of the stair. To eliminate the need for toe clearance, the user must roll their foot on the
end of the stair. As the ground is sloped down, toe clearance is more easily achieved. This
relieves the need to flex the knee during swing phase. This also implies that now the user
receives swing assistance in the extension direction. This can be beneficial as certain
studies have shown that swing assistance in the desired direction of motion can reduce
metabolic cost in walking[22]. This allows us to use the same state machine as Figure
28(a). Initial user testing suggests that the modified gait and swing extension assistance is
acceptable. However, the author is uncertain if the user opinion shall change in load
carrying situations. Images from testing of the state machine are displayed in Figure 33.

heel strike
early stance
mid stance
late stance
pre-toe off
Figure 31: Screenshot from Level Walking Video Stance Phase. The yellow line is a link which
connects the actuator output to the wrap spring control tang. The red link is the actuator output.
When the yellow link and red link are relatively collinear, the device is in the free state.

toe-off
early swing
mid swing
late swing
heel strike
Figure 32: Screenshot from Level Walking Video Swing Phase. The yellow line is a link which
connects the actuator output to the wrap spring control tang. The red link is the actuator output .
When the yellow link and red link are relatively collinear, the device is in the free state.
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Figure
33:
State
machine testing. The
orientation of the servo
link and the gas spring
can be used to deduce
free
and
resistive
states. The yellow line
is a link which connects
the actuator output to
the wrap spring control
tang. The red link is the
actuator output . When
the yellow link and red
link
are
relatively
collinear, the device is
in the free state.
(a) During standing the
device is in the resistive
state.

(b) For squatting the
device stays in the
resistive state
(c) Stair ascent stance
phase, device is in
resistive state

(d) Stair ascent swing
initiation phase, device
is in free state

(e) and (f) Stair descent
stance, the device stays
in resistive state. The
user toe is off the edge
of the stair to alleviate
the need for knee
flexion during stair
descent swing (knee
flexion is needed for toe
clearance)

This state machine in Figure 28 is capable of providing stand-to-sit assistance.
However, does not account for the gas spring load on the user’s legs once stand-to-sit is
completed. After the user is in the seated position, the gas spring will continue to push on
the user’s leg which can make sitting uncomfortable. Figure 34 shows a proposed state
machine which frees the knees after sitting is achieved. After the user maintains a relative
knee angle between 90-110 while the thigh angle is perpendicular to gravity for a time
t_min, the microcontroller unlocks the knee allowing the user to move freely in the seated
position.

Figure 34: State machine including sitting

It should be noted that eliminating the knee encoder from the state machine reduces
the overall thickness of the device. Thus state machines which do not use the knee encoder
should be explored.

3.5 Electronics and User Interface

The major electrical components for the system include an Arduino pro-mini
microcontroller (3.3V, 16Mhz clock), a Bluetooth module and an inertial measurement
board with its own microcontroller. As the wrap spring is only controlled in 2 mechanical
states, the resolution of the hobby servo motor is sufficient for this application. Hobby
servo motors are cheaper than commercial servos and have a built-in closed loop position
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controller which relieves the burden on the microcontroller. The electronics board also
accommodates information from a magnetic encoder.
The board consists of 2
programmable switches, 3 indicator led’s and pin outs for additional I/O’s and the system
analog to digital pins.

The board as well as the servo motor is powered by a 7.4V 800mAh battery. The
resting current consumed by the device is 40mA. With instantaneous peak current draw of
around 400mA when the servo position is controlled. When the Bluetooth is on, resting
system current draw is 69mA.
As the Bluetooth is not required for constant regular function, we can approximate
battery life of 7.8hours of continuous walking with an 800mAh battery. This is equivalent
to approximately 35000 steps. The servo is controlling the wrap spring which is
independent of activity or user load on the system. Thus the battery life estimate is true for
all activities with a cadence of 1.25 steps/sec.
The Bluetooth module can be used to communicate between 2 knee modules or to
interface the knee exoskeleton with an external graphical user interface. The user interface
can be used by the wearer of the exoskeleton or a physical therapist. The user interface can
be used to monitor the thigh angle, modify the maximum and minimum thigh angle
threshold and change the state of the device. The device state can send the regular signal,
the locking signal and the unlocking signal. A prototype user interface for the knee
exoskeleton is shown in Figure 35.
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Figure 35: Screen shot from user interface on
android platform. Designed by Christoff Belke.
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Chapter IV

The Math and Numbers

This chapter addresses the requirements of knee exoskeleton, derives the torque
equations for a gas spring and the wrap spring, and analyzes these elements in the design
presented in the previous chapter to meet requirements.

4.1 System Requirements

The system requirements vary based on the user needs. While the device built is
optimized for supplementing the knee for medical and able bodied user assistance, it can
be designed for a fully supportive medical application as well as a load bearing application.
Thus this section presents the system requirements for the various cases.

4.1.1 Range of Motion

The full range of flexion for a healthy biological knee joint is about 0o-159o[46]. This
full range is desirable for all cases where a healthy individual is using the knee for
augmentation and supplementation. For medical applications, the knee flexion angle
should accommodate sitting and standing up. The largest angle to accommodate sitting
and standing is 110o [47]. It is worth noting that total knee replacement orthoses only
permit a range of motion up to 120o[48]. This range is considered satisfactory to meet the
needs of activities of daily life in western cultures[48].
Medical
(Full Load
Bearing)

Medical
(Supplemental)

Maximum Knee
110
120-159
Flexion Angle
Table 2: Range of motion exoskeleton knee

Able Bodied
(Non-Load
Bearing)

Able Bodied
(Load Bearing)

120-159

120-159

In section 4.4, it shall be seen that the stroke length of the gas spring increases with the
desired range of motion. Additionally, as the knee can be controlled into the resistive state
from a free state at any angle, initiation of the resistive state can be delayed allowing
increased range of motion. Here the initial knee flexion shall be free, until the resistive state
is engaged. In free mode, the range of motion is independent of the gas spring, thus a full
range of 0-159° shall always be attainable. Thus in order to accommodate size constraints
on the system discussed below, a resisted range of motion of 120 degrees is chosen.

45

4.1.2 Torque Requirements
Torque requirements are estimated based on the worst case scenarios of the device.
For a full assist medical application, this would be single stance (user weight is supported
by a single leg on the ground). For the purposes of a generalized analysis, a male user 82kg
(180lbs) in weight and 1.77m (69.7 inch) in height is chosen. These dimensions correspond
to the 70th percentile male population[46]. This results in a maximum knee flexion
damping torque of 53Nm, 16Nm and 65Nm from 3 different level walking data sets
(Winter[49], Kirtley[50]and Linskell [51]).
Sitting is another application where the damped nature of the knee is important. For
sitting, we use pose estimation and assume the largest braking torque at the knee occurs
when the torso leans forward and the knees is flexed. Based on anthropomorphic data for
70% percentile male, the torque at each knee is approximately 67Nm. It is important to
note that this calculation is static and does not account for dynamic effects. With an
additional payload of 50lbs, the required torque is 89 Nm.
Medical
Full support

Torque at Knee
Required

65Nm
Full

Medical
Supplemental
Support
< 65Nm
Supplement

Able Bodied
No Load

Able Bodied Load
Carrying

<67Nm
Supplement

< 89Nm
Supplement

Table 3: Torque requirements

It is critical for the acceptance of this device that it be as small as possible while
providing assistance to the user. Based on measured anterior posterior knee width, a
device anterior posterior width is limited to 8.89cm (3.5inchs). To accommodate 5th
percentile users, the first link length of the device should be less than 33.78cm(13.3inchs)
and the center link should be shorter than 35.56cm(14inch). Ideally the device thickness
in the medio-laterial direction would allow for the user to wear pants over the exoskeleton.
This is highly dependent on the type of pants the user wears. At the time of this thesis,
SCKAFO medio-lateral thickness varied between 2.3cm to 5cm[8](0.90-1.97inch) for
different SCKAFO’s.
Parameter
Range of motion
Torque Requirement
Anterior-Posterior Width
Medio-Lateral Width
First link Length
Second link Length

Specification
120° Resistive/ 159° Free
< 89Nm
(593lbf-inch)
< 8.89cm
(3.5inch)
< 5cm
(1.97inch)
< 33.78cm (13.3inch)
< 35.56cm (14inch)

Table 4: Summary of parameters for able-bodied and medical assistive device

46

4.2 Component Analysis
This section describes the fundamental equations for the gas spring and the wrap
spring clutch.

4.2.1 Gas Spring Analysis

The function of the gas spring is described in section 6. The gas spring is filled with
nitrogen gas which is compressed using a rod. This section describes the equations
governing the behavior of the gas spring.

Figure 36: Gas Spring Analysis Convention

A free body diagram of the piston results in equation 4.1
𝑚𝑥̈ = 𝐹 + 𝑃1 (𝐴𝐶 − 𝐴𝑟 ) − 𝑃2 𝐴𝐶

4.1

The gas spring is a closed system. We assume that the flow through the nozzle is
adiabatic, frictionless and no headloss occur through the nozzle.
𝑃1 = 𝑃2

𝑃𝑉 𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑐1

Analyzing Chamber 2: Volume V can be expressed as

𝑃(𝑥)((𝑙 − 𝑥) ∗ 𝐴𝑐 )𝛾 = 𝑐1

𝑃(𝑥) =

𝑃0 (𝑙 ∗ 𝐴𝑐 )𝛾
(𝐴𝑐 ∗ 𝑙 − 𝐴𝑟 ∗ 𝑥)𝛾

4.2

Where
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𝑃(𝑥)=

pressure inside the cylinder during motion

𝑙=

Length of the cylinder

𝑃0 =

𝐴𝑐 =
𝛾=

Initial charge pressure of the cylinder
Internal area of cylinder
polytropic index

𝑚𝑥̈ = 𝐹 −

𝑃0 (𝑙 ∗ 𝐴𝑐 )𝛾
𝐴
(𝐴𝑐 ∗ 𝑙 − 𝐴𝑟 ∗ 𝑥)𝛾 𝑟

4.3

𝑃0 (𝑙 ∗ 𝐴𝑐 )𝛾
𝐹=
𝐴 where m is small
(𝐴𝑐 ∗ 𝑙 − 𝐴𝑟 ∗ 𝑥)𝛾 𝑟

4.4

Equation 4.3 suggests that the force of the spring is not a function of the velocity of the
piston, this is a result of ignoring headloss through the valve. This assumption and an
assumption that the mass of the piston is small compared to the gas spring forces is
supported by [52].
The gas spring analysis can also provide an alternative equation [52]
𝐹𝑠 = 𝐹𝑖𝑛𝑖𝑡,𝑎𝑐𝑡𝑢𝑎𝑙 �

𝑆𝑛𝑜𝑚

�
𝐹
𝑆𝑛𝑜𝑚 − 𝑆𝑢𝑠𝑒𝑑 �1 − 𝑖𝑛𝑖𝑡,𝑛𝑜𝑚 �
𝐹𝑒𝑛𝑑,𝑛𝑜𝑚

𝐹𝑠 =

Force at the used stroke S

𝑆𝑛𝑜𝑚 =

Nominal stroke for the spring

𝐹𝑖𝑛𝑖𝑡,𝑎𝑐𝑡𝑢𝑎𝑙 =
𝑆𝑢𝑠𝑒𝑑 =

𝐹𝑖𝑛𝑖𝑡,𝑛𝑜𝑚 =

𝐹𝑒𝑛𝑑,𝑛𝑜𝑚 =
𝑛=

𝑛

4.5

Initial force at charging pressure
Used stroke

Nominal initial force of the spring
Force at full nominal stroke
Polytropic index n

The polytropic index 𝑛 is the same as the 𝛾 for an adiabatic reversible system. 𝑛 is equal
to 1 if no temperature change occurs in the system as the piston is compressed. The data

provided in most gas spring catalogs for Force vs stroke represents data that does not
account for temperature change. There is slight variation between the results of equation
4.4 and 4.5, as the later incorporates an initial condition that when x=0, the force on the gas
spring is only due to the pressurized gas on the area of the cylinder. Thus Equation 4.4 is
valid when x>0 and Equation 4.5 is always valid. As the information required for equation
4.5 is more readily accessible and the equation in continuous, it has been used in the
analysis presented in latter chapters.

4.2.2 Wrap Spring Analysis

The function of the wrap spring clutch is described in section 2.1.3. The wrap spring
clutch brake is passively (without the addition of external power) capable of providing a
large braking torque while allowing the use of a low power actuator to release the brake.
This section describes the equations governing the behavior of the wrap spring. An indepth analysis and explanation of the various types embodiments of the wrap spring is
discussed in [35].

Wrap spring clutch braking torque is a function of both the interference between the
diameter of the wrap spring (torsional spring) as well as the number of coils in contact
between the 2 concentric arbors. The wrap spring can be positioned inside a bore between
the two arbors or external to the 2 arbors [53]. Here we present the analysis for the
external wrap spring clutch.

Figure 37: Cross Section View of Warp
Spring Clutch. The image shows the
dimension of the wrap spring coil. The
color variation in the coil depicts which
coils contribute to torque on which arbor.
The light gray coils contribute to the link
1 while the dark gray contribute to the
link 2.

The locking torque of the wrap spring clutch can be expressed as [54]
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where

𝑇𝑜 =

𝑝0 𝑏𝐷 2 2𝜋𝜇𝑁
(𝑒
− 1)
4

To =

Output Torque (total torque transmission capacity)

p0 =

Initial pressure between the spring and arbor

D

=

b

=

N

=

µ

=
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4.6

Diameter of cylindrical drum(arbor) on which the wrap spring rests
Spring wire width

Coefficient of Friction (between spring and arbor)
Number of spring turns engaged with the arbor

The initial pressure p0 developed between the spring and the arbor can be assumed
to be uniform except near the ends of the coil. p0 is a function of the coil’s flexural rigidity
EI, the amount of diametric interference, and the diameter of the friction surface. The initial
pressure of the system is derived in [54] as
where

𝑝0 =

8𝐸𝐼∆
− 𝑝𝑐
𝑏(𝐷 + ℎ)4

E

=

Modulus of Elasticity of the wire

Δ

=

Diametric interference before assembly

I

h

pc

=
=
=

4.7

Moment of Inertia of area in bending
Wire height

Pressure induced by the centrifugal force

The pc term only becomes significant at high rotational velocity when centrifugal force
comes into play. The centrifugal force pushes the spring coil outwards and has a
countering affect to the interference pressure, hence the negative sign before the pc term. In
case of an internal coil assembly, the pc term shall be added to the initial pressure term, as
the centrifugal force contributes to additional breaking. For a direct contact, unactuated
knee joint design (the arbor rotation corresponds 1-to-1 with knee joint rotation), the pc

term can be ignored due to its slow rotational speed. Combining Equations
while setting the pc term to zero gives
𝑇𝑜 =

2𝐸𝐼∆𝐷 2
(𝑒 2𝜋𝜇𝑁 − 1)
(𝐷 + ℎ)4

4.6 and 4.7
4.8

The first term and second term in equation 4.8 can be separated. The first term is a
function of geometry and material properties, while the second term is a function of the
number of coils in contact with the arbor and material properties. The second term can be
interpreted as a multiplication factor: As N increases the multiplication factor increases
exponentially. Thus increasing the number of coils in contact with the arbor has the most
significant influence on the torque.

Figure 38: Resistive torque as a function
of wrap spring coil engagement with
arbors

The number of coils on each arbor does not need to be the same. The maximum
resistive torque of the wrap spring is determined by the arbor with the fewest coils. Thus
to achieve a small form factor while achieving large resistive torques, it is critical to rigidly
connect arbor with fewest coils to wrap spring. This can be done by clamping the wrap
spring to the arbor. Now the minimum slipping torque is only a function of the moving
arbor.

The wrap spring should decrease diameter as evenly as possible across the moving
arbor to distribute the friction across the coils. The pressure applied by the wrap spring
across the arbor must ideally be constant. The wrap spring should increase diameter with
as little unwinding (motion to increase the wrap spring diameter) as possible to allow free
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motion. Any unwinding is hysteresis that needs to be wound back up. If any of the wrap
spring coils undergo unwinding and do not fully wind up (motion to decrease the wrap
spring diameter) backlash and loses motion occurs. In the case of the clamped system, the
large clamping forces create hysteresis in the system preventing the wrap spring from fully
winding back up. This can be observed in Figure 39 (b) and (c).

Figure 39: Effect of clamping on wrap spring backlash. In (a) a line is drawn on the coils of the
wrap spring. (b) and (d) show the unwrapping of the tang for a clamped and unclamped case. (c)
and (e) show the lines of the wrap spring after the tang has been released. While (e) shows the
wrap spring coils have return to the original state of relative alignment, (c) shows that the coils
have not returned to the original state. This creates slop in the system requiring a certain amount of
flexion at the knee before the coils are tightened around the arbor and can begin resistance. In
Figure 39 (b) and (c), the upper coils correspond to the clamped arbor and the lower coils
correspond to the moving arbor, with some of the misalignment occurring at the interface between
the two arbors.

Spring winding or unwinding on the stationary arbor results in lost motion. i.e, the
spring needs to wind up again after a change in direction creating a free start to the motion.
This allows free flexion at the knee over an initial small angle, which is undesirable for
shock absorption. This may prompt a need to reduce number of the coils away from the
clamp as the hysteresis is largest closest to the stationary arbor.

The number of coils on the stationary arbor can be decreased; however during
unwinding (due to motion of the coil by an actuator, or due to motion in the free direction)
it is necessary to increase wrap spring diameter over the entire length of the moving arbor.
If the clamp is acting at the interface of the two arbors, some coils on the moving arbor
close to the clamp are hindered. So, the active portion of the spring needs to be at some
distance away from the clamp to allow for the transition in diameter from clamped to free.
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If the number of unclamped coils on the stationary arbor is non-zero then the
transition has the potential to wind and unwind. To prevent them from unwinding too
much, a rubber sleeve is installed over the outer surface of the wrap spring close to the
clamp. This prevents the coils from unwinding excessively in the free (increased diameter
of coil) spring state, so they don't have to wind up again in the resistive (reduced diameter
of coils) spring state before impeding motion.
The location and compression stiffness of the sleeve are critical and are empirically
verified. If the sleeve is too long, it creates pressure on the rotating arbor, this increases the
system friction during free motion. If the sleeve is stiff, applying pressure on the coils is
equivalent to lowering the clamp which creates resistance to free motion. The rubber
sleeve must be located only on the coils on the stationary arbor. The compressive stiffness
of the rubber sleeve must provide resistance to deflection of the coils but not prevent the
deflection. The rubber sleeve addition with these guidelines has shown to reduce system
backlash while keeping the resistance in ‘free’ mode acceptable.
Equation 4.8 is accurate for ratios of h/D<0.10. For cases where h/D<<0.1, we can see
Equation 4.8 can simplified.
𝑇𝑜 =

2𝐸𝐼∆
(𝑒 2𝜋𝜇𝑁 − 1)
𝐷2

4.9

Equation 4.9 describes that decreasing the arbor diameter results in a larger braking
capacity for the wrap spring. The limiting condition for reducing the diameter of the wrap
spring is governed by equation 4.10.
𝑃𝐴𝑚𝑎𝑥 =

2𝐸𝐼∆𝐷 2 (𝑒 2𝜋𝜇𝑁 − 1)
𝑇𝑜
=
4
(𝐷 + ℎ)
𝑏 ∙ 𝑅𝐴 𝑅𝑐
𝑏 ∙ 𝑅𝐴 𝑅𝑐

𝑃𝐴𝑚𝑎𝑥

=

Maximum Pressure on the Arbor due to N coils [psi]

RA

=

Radius of the Arbor [in]

Rc

=

4.10

Radius to the centroid of the wrap spring when fitted over the arbor [in]

Equation 4.10, obtained from [35], shows the stress that the arbor undergoes due to
the wrap spring constricting its motion. The maximum stress increases as the arbor radius
decreases and with an increase in maximum torque.

4.3 System Analysis

The goal of the design is to reduce the system size in length and sagittal protrusion.
This was achieved by using a graphical and analytical approach to the gas spring layout.
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Figure 40: Geometric layout of gas spring with
thigh and shank links ( first and second link)

Figure 40 shows the lengths of the attachment points to the gas spring relative to the
knee joint (a, b, c ,d). The locations of these attachment points constrain the achievable
moment arm (thus maximum torque). The stroke length of the gas spring governs the
range of motion attainable by the device.
where

𝑇𝑒𝑥𝑜 = 𝐹𝐺𝑎𝑠𝑆𝑝𝑟𝑖𝑛𝑔 ∗ 𝑙𝑎𝑟𝑚

𝑇𝑒𝑥𝑜 =

Torque on the knee due to the exoskeleton

𝑙𝑎𝑟𝑚 =

Length of moment arm from the knee joint to
the line of action of the gas spring force

𝐹𝐺𝑎𝑠𝑆𝑝𝑟𝑖𝑛𝑔 =

By law of cosines
where

4.11

Force of the gas spring

𝑙𝑎𝑟𝑚 = 𝑙1 𝑠𝑖𝑛𝛼
𝑙3 2 = 𝑙1 2 + 𝑙2 2 − 2𝑙1 𝑙2 𝑐𝑜𝑠𝛾

𝛾 and 𝜃𝑘𝑛𝑒𝑒 change at the same rate

𝑙1 2 = 𝑎2 + 𝑏 2
𝑙2 2 = 𝑐 2 + 𝑑 2

4.12
4.13
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By law of sines

𝑠𝑖𝑛𝛾

From equations 4.12, 4.13, 4.14, 4.11
𝑇𝑒𝑥𝑜 = 𝐹𝐺𝑎𝑠𝑆𝑝𝑟𝑖𝑛𝑔 ∗

𝑙3

=

𝑠𝑖𝑛𝛼
𝑙2

𝑙1 𝑙2 𝑠𝑖𝑛𝛾

�𝑙1 2 + 𝑙2 2 − 2𝑙1 𝑙2 𝑐𝑜𝑠𝛾

4.14

4.15

4.3.1 Locational constraints
Increasing 𝑎 𝑏, 𝑐 and 𝑑 increases 𝑙𝑎𝑟𝑚 . However, increasing a and c increases the
sagittal protrusion of the device and increasing b and d increases the minimum thigh length
of the device. As we wish to minimize the inertia of the lower leg, we chose to minimize c
while increasing b.

The location of c and d are limited by the other mechanical components present in the
assembly. The gas spring can be installed in a double supported or single supported
configuration. Double support means the gas spring is supported by mechanical structure
on both sides parallel to the sagittal plane. Single support means that the gas spring is
supported by mechanical structure on one side parallel to the sagittal plane. If double
supported, the gas spring will share the same parallel sagittal plane as other components;
thus a minimum value of c and d exists. If single supported, the gas spring may lay in a
plane not shared with other components then no constraint on c and d exists. The double
supported design is more robust to lateral loading and was implemented in this design.
Thus the value of a is minimized while increasing c. The values for c and d were determined
by estimating the maximum torque required for the system. The gas springs are available
at specific force values. Thus by determining the moment arm required to obtain the
maximum torque, we obtain a value for 𝑙2 which is related to c and d.
𝑙𝑎𝑟𝑚 varies sinusoidally with 𝛾, thus a maximum only occurs once in a range of less
than 180 degrees. The maximum moment arm location is the same as the maximum
resistive torque location. The choice of the maximum moment arm location is a function of
the application of the device. For medical fully supported applications, the largest support
is desired to increase system safety while walking. Thus the maximum moment arm should
occur during level walking stance angles. For augmentation applications, the max moment
arm should occur near knee angles associated large negative torques and powers to assist
with reducing muscle fatigue and supplementing muscle damping.

4.3.2 Range of motion constraints

If 𝛾 < 0 (the gas spring has crossed over a joint), the spring force at the knee will
begin to resist extension and will force the knee in a flexed configuration. Thus this is

avoided. This means that the gas spring should not move over the center. The stroke length
of the system increases with increasing range of motion. This can be derived from 4.13, by
creating 2 equations by substituting 𝑙3 with the maximum and minimum stroke diameter
and the replacing 𝛾 with the maximum and minimum angle values (𝛾𝑚𝑖𝑛 → 0). The
equations are then solved to obtain stroke as a function of angle. This results in

where

s=
l=
𝛾𝑚𝑎𝑥 =

𝛾𝑚𝑎𝑥
𝑠 = −𝑙 + �𝑙 2 + 4𝑙1 𝑙2 𝑠𝑖𝑛2 �
�
2

4.16

Stroke length of the gas spring
Compressed length of the gas spring
Range of motion total since 𝛾𝑚𝑖𝑛 → 0

It should be noted that the value of 𝑙 must include length added to the gas spring due to
attachment components. As discussed in section 4.1.1, the maximum knee range of motion
is 159 degrees.

Figure 41: Relationship between stroke length and range of motion of knee joint

4.4 Implementation

The gas spring specifications and equations given above are used to model the
torque on the user. Table 5 summarizes the design parameters chosen.

Due to the variability of peak knee torque data during walking for various data sets,
sitting was used to set the initial design criterion. The estimated maximum torque occurs
during sitting (67Nm-89Nm). For this application, miniature high force gas springs are
used. The smallest diameter (12mm cylinder, 6 mm rod) gas spring available has a force
range from 498N (112lbf) to 818N (184lbf). The maximum moment arm (𝑙𝑎𝑟𝑚 ) desired is
1.75 inch. This results in the anterior posterior width limit for the exoskeleton discussed in
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section 4.1. This moment arm would reduce the maximum torque occurring during sitting
by approximately 45%. If a person is carrying a 50lbs weight and sits, then the reduction in
the peak knee torque is approximately 33%. With the maximum system torque
established, the wrap spring can be designed using equation 4.8.

The wrap spring diameter should be as large as possible to reduce stresses and
wear on the arbors. The largest available wrap spring diameter within the physical design
constraints with a square cross-section wire was used. The resulting wrap spring provides
approximately 56.49Nm (500lbf-inch) to resist the approximately 36Nm (320 lbf-inch) of
peak torque from the gas spring. The wrap spring specifications are provided in Table 5

Material
Wrap Spring Diameter
Arbor Diameter
Wire Area
Coefficient of friction
Number of wraps
Table 5: Specifications of Wrap Spring Used

Value
302 Steel
5.03cm (1.982inch)
5.08cm (2inch)
0.18x0.18cm2 ( 0.071x0.071 inch2)
.15
6.5

At the time of development, the acceptable gas spring form factor was available in 5
sizes. Each size was evaluated using the system equations to obtain the desired range of
motion and torque characteristics. It should be noted components must be added to the gas
spring to attach it to the exoskeleton, this results in decreasing the stroke of the system and
increasing the effective compressed length of the system. A graphical method was used to
determine if the gas spring would fit given the geometric constraints created by other
components in the system (such as the wrap spring).

The wrap spring arbor diameter sets the diameter for the smallest needle bearing
(1.5inch) required to take the thrust loads between the rotary hub and the first link. This
gas spring must be positioned such that no collision occurs between the components. To
accommodate the gas spring, a gap is created between the thigh and the beginning of the
wrap spring on rotary hub (Figure 42) is created. This increases the thickness of the device.

Figure 42: Added thickness to system. The right
image shows how the gas spring lies in a space
that can be occupied by the wrap spring arbors.
To accommodate the gas spring a step is added
to rotary hub. This results in increasing the
thickness of the device shown in red in the left
image.
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Gas Spring
Initial Force
500N
(112lbs)
Final Force
827N
(184lbs)
Extended Length
20.5cm (8.07inch)
Compressed Length
14.5cm (5.71inch)
Table 6: Specifications for gas spring used in exoskeleton

This configuration chosen for the system delivers 120° range of motion. The
maximum system torque occurs between the angles of 0-80 ranging from 24.8Nm (220lbfin) to 32.3Nm (285lbf-inch), with a peak torque of 285lbf-inch occurring at 40 degrees of
flexion. This region corresponds to the high negative torque and high negative power
regions during level ground walking stair descent.
Exoskeleton
A
B
C
D
𝑙𝑎𝑟𝑚
Table 7: Specifications for gas spring location

cm (inch)
0
17.59 (6.925)
3.24 (1.275)
3.04 (1.198)
4.45 (1.75)

Figure 43: Exoskeleton torque as a function of knee angle.

It is worth nothing that the peak location can be shifted to the right by putting the knee
in a free state for longer. If the wrap spring is unlocked, for the first 20° of knee flexion, and
then locked, the effective range of motion of the resistive state is still 120°. Thus the
exoskeleton provides resistance from 20°-140° of knee flexion. This can be useful for able
bodied applications which involve deep squatting.

57

58

4.5 Actuation Design
To determine the specifications for the servo motor, the force required to move the
tang on the wrap spring was measured. A fish scale was used to determine force required
to move the tang to 3, 5, 10, 15 and 20 degrees at various lengths along tang.
18
16
14
12
10
Force 8
(N) 6
4
2
0

75 mm from center
55mm from center
35mm from center

0

5

10

15

20

25

Degree Deflexion

Figure 44: Wrap spring tang force vs displacement plot

It was experimentally verified that 15-20 degrees of tang deflection at 55mm from the
center is necessary to achieve free state for the wrap spring clutch implemented. Thus the
servo should provide a torque 0.36Nm (0.04lbf-inch).

Stride length is the distance covered from foot contact to foot contact of the same foot.
For the 70th percentile male, the estimated stride length is 1.11m (43.48inch). The average
walking speed for an individual is 1.38m/s (3.1 mi/hr). Thus one step occurs in
0.80seconds. During walking, stance accounts for 60% of the cycle while swing accounts
for 40%. After swing is triggered stance must be triggered 40% of the cycle later. Thus the
trigger time from swing to stance is .32 seconds apart. It is important to note that as the
design provides free extension at all times, this trigger time is relaxed, however it is a good
bench mark.

As the wrap spring moves between 2 discrete states, so no fine intermediate
positioning is required. A rotary servo option was picked, as no solenoids found provided
the required force and speed in an equivalent size. The servo motor is attached to the tang,
via a linkage mechanism. The 4-bar linkage mechanism assumes that the tang behaves like
a link pivoting about the tangent point off the wrap spring. The link lengths were picked
such that link off the servo would be half the length of the tang, this approximately reduces
the desired servo torque to 0.179Nm (1.8kg-cm) but requires the use of a faster servo. The
resultant linkage requires a servo range of approximately 40 degrees.
Two candidates for servo motor (Futaba S3102 Aircraft Micro Servo and Hitec 32085s
hs-85mg micro servo) proved viable. The Hitec 32085S is picked due to its lower cost.
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Hitec 32085S HS-85MG Metal Gear Micro
Torque
Speed
Size
Gearing
Weight
Cost

0.29Nm (4.8V); 0.34Nm (6.0V)
0.16sec/60° (4.8V) ; 0.14 sec/60° (6.0V)
28.96x12.95x29.97mm3 (1.14x0.51x1.18inch3 )
Metal
21.8g
$30

Futuba S3102 Aircraft Micro Servo
Torque
Speed
Size
Gearing
Weight
Cost

0.36Nm (4.8V); 0.45Nm (6.0V)
0.25sec/60° (4.8V) ; 0.20 sec/60° (6.0V)
28x13x30mm3 (1.25x0.5x1.18inch3 )
Metal
21g
$60

The final device (knee hardware, thigh brace, shank brace, ankle and connecting
components) weights 1.53kg (3.36lbs). The occupied length on the thigh by the device is
18.57cm (7.3inch) and on the shank is 9.06cm (3.6inch). The device thickness is 4.44cm
(1.75 inch), but can be reduced to 3.81cm (1.5 inch) if a controller which does not require a
knee encoder is implemented.

4.6 Final Device Specifications

The resultant system dimensions are shown in Table 8

Exoskeleton
cm (inch)
a
0
b
17.59 (6.925)
c
3.24 (1.275)
d
3.04 (1.198)
First link Length
18.57 (7.313)
Second link Length
9.06 (3.567)
System weight
1.56kg (3.36lbs)
Approximate life between charges
7.8 hours continuous walking(35000 steps)
Table 8: Specification for gas spring location, length of exoskeleton thigh and shank

Chapter V

5
Dual Joint Exoskeleton: Other Passive
Candidates
Aside from the gas spring acting as the torque generator and the wrap spring acting as
the clutch element, several combinations of passive elements can be used to obtain our
primary knee characteristics. The passive elements result in different benefits and tradeoffs. The passive elements as well as various embodiments of the architecture are
discussed briefly in section 6.

6.1 Passive Elements

Passive elements which would be controlled or manipulated using low power actuators
were explored for this design. These elements fall into 2 categories: Clutch Elements and
Torque Generators
Clutch Element
•
•

Wrap spring clutch

Fillauer Swing Phase Lock 2

Torque Generator
•
•
•
•

Lockable Gas spring
Gas Spring

Hydraulic damper

Visco-elastic damper
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6.2 Clutch Elements
6.2.1 Wrap spring clutch
The wrap spring clutch uses a torsional spring grasping two rotating shafts
constraining them to each other via friction. As mentioned previously while this is capable
of providing resistance as well as locking, the locking characteristics are more desirable
than the resistance characteristics. This is because while the wrap spring can provide large
range of resistance, it is difficult to control intermediate values of this resistance. The wrap
spring resists to motion in one direction and is relatively free in the other direction [35].
The maximum wrap spring resistive torque increases by increasing the number of coils
in contact with the two rotating arbors. Thus more coils would be required for heavier
users and loads.

Why: The wrap spring is inherently free in one direction and resists motion in the
other. It can be controlled into a free state or resistive state under load. The load of the
user is distributed over several coils of the wrap spring. A tang of the wrap spring can be
controlled to change the state. The force needed to manipulate the tang is a function of the
material properties of the wrap spring and not the load the wrap spring is fighting.

Requirements: Implementation of the wrap spring would require an external
mechanism or actuator to control the wrap spring state (free or flexion resistance). The
resistance to flexion at the wrap spring must be higher than the resistance to flexion by the
torque generator. This allows the connection between the second link and the center link to
be rigid compared to the first link and the center link (which are connected via the torque
generator)

Operation: During stance, the inherent ability of the wrap spring to resist flexion would
cause the torque generator to become active. The wrap spring self-energizes, by using
circumferential friction, to reduce its diameter around a rotating arbor increasing friction.
As the wrap spring provides free extension, all extension activities shall be unhindered.
Free extension is also a result of the circumferential friction between the wrap spring and
the arbor which increases the diameter of the wrap spring, reducing friction. During swing,
an external mechanism or actuator controlled by a microcontroller shall be used to trigger
the wrap spring’s free state, allowing free flexion in addition to the already available free
extension. The same mechanism can be used for various different gaits and activities (level
ground walking, stair descent).

6.2.2 Fillauer Swing Phase Lock (SPL)

The stance phase lock by Fillauer is a novel gravity-actuated knee-joint locking
mechanism. At a predetermined thigh angle, an unbalanced pendulum/pawl in the locking
module falls into a discrete slot locking the knee joint. The SPL is triggered into the locking
position during terminal swing and into the free position during late stance.
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Why: The SPL has a small form factor. Thigh angle based locking-unlocking mechanism
is intrinsic to its design, thus this can eliminate the need for external mechanisms or
actuators and sensors.

Requirements: As the load of the user is directly transferred to the unlocking
component, a large friction force must be overcome to unlock this locking element. Thus
unlocking the device would require either mindfully unloading the joint before motion or
using a large actuator. This element does not provide free extension at all times, thus the
resistive member must provide free extension.

Operation: During terminal swing at a specified thigh angle, the pawl will lock the first
joint, allowing the torque generator member to become active. At heel off (right before toeoff), the SPL unlocks allowing free swing. This allows for design of a purely passive system
during walking. As the angle where the knee should be locked and free is a function of the
velocity, terrain etc, a mechanical triggering mechanism with a single locking location may
not be sufficient for all activities. The free extension criterion when using the SPL has to be
fulfilled by the resistive member.
The wrap spring can provide free extension at all times; it can be locked or unlocked
under load and at any position using a small actuator; thus it was chosen over the SPL for
this application. Table 9 summarizes the differences between the two devices.
Wrap Spring Clutch

Fillauer Swing Phase Lock

Free in one direction (all times)
Unlocking under load
Controllable State change
(Resistance/Free at all times)
Locking
State change control

Small actuator

Large actuator

Up to designed torque

Full lock

External Actuator

Intrinsic

Table 9: Comparison of Wrap Spring Clutch and Fillauer Swing Phase Lock

6.3 Torque Generator

In this section we compare various torque generators. These torque generators are
compared to determine their function in the mechanical architecture proposed,
requirements to bring the design into the real world and drawbacks.

The form factor of the torque generator is observed. If the torque generator is linear,
then it extends beyond the knee joint and must lie along the thigh or the shank. To reduce
inertia at the hip, for linear configurations, the torque generator is mounted along the hip.
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Thus the implementation would result in a knee exoskeleton with a minimum length based
on the length of the linear torque generator. This restricts the height of the user that could
wear the device.

The torque generators ability to lock the knee joint at all or any angle is also observed.
While this is not a concern with augmentation and supplementing medical applications,
ideally in applications such as use with full support medical exoskeletons this characteristic
is desirable. If locking is not achievable, support during standing will have to be provided in
the mechanical design by allowing the exoskeleton knee geometry to be on/over the center
.i.e. when the user is standing, the mechanical thigh (first link) and shank (second link) are
straight with respect to each other creating a mechanical singularity. The operation with
the wrap spring clutch during various types of ambulation is discussed.

6.3.1 Hydraulic damper
Figure 45: Simple Schematic of
a hydraulic damper with a
“free” direction. While the
schematic depicts a double rod
design (rod in both chambers),
some
hydraulic
dampers
include only 1 rod. This results
in the need for an air reservoir
or air gap in the cylinder.

A hydraulic damper consists of a cylinder filled with hydraulic fluid and a rod
connected to a piston inside the cylinder. The piston separates the fluid into 2 chambers
and has an open port in it. As the piston moves, fluid moves from one chamber to the other.
There are various types for hydraulic dampers. While some are capable of providing
resistance in both directions, for this application a device capable of free extension (Figure
45) or spring loaded extension (Figure 48), while providing resistance to compression was
investigated. In addition, adjustable hydraulic dampers, which change the orifice size of the
restricted port were investigated.

Why: The biological knee mostly provides braking torque during flexion while walking
on level ground and walking downhill. Most prostheses which provide the user a safe and
nature gait are resistive in nature. Thus a damper was explored for this application.
Requirements: The physical profile of the hydraulic damper is linear and long. The
stroke (thus length) of the damper is directly related to the range of motion of the device.
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Damping adjustment is performed by fully extending or compressing the cylinder and
rotating the rod[55][56]. Thus adjustment would require disassembly of the device from
the system.

If both the clutch element and the damper provide free extension, then an external
agent is required to reinitialize it: return the damper to fully extended state so no range of
motion is lost. This can be achieved by implementing a mechanical spring in series with the
damper. It thus becomes more viable to use a hydraulic damper with a low force spring
loaded extension. Thus only damping is not achievable by this design.
If the clutch element cannot provide free extension then an external spring is not
required to reinitialize the damper. It is worth noting that with a hydraulic damper head
losses during fluid flow cannot be avoided thus some damping even in the free mode
occurs.

Complete locking of the knee cannot be guaranteed at all angles. Support during
standing is achieved in mechanical joint design.

Operation Level Walking: During heel strike (stance initiation), the wrap spring locks
flexion, engaging the hydraulic damper to compress and resist flexion. During stance
extension, the wrap spring allows free movement in extension. Without the spring in series
with the damper, the damper shall remain compressed. This reduces the active stroke
available for the next stride. With a spring in series with the damper, the rod of the damper
extends. The least acceptable spring force must be enough to overcome the hardware
friction to reinitialize the location of the damper. During swing the wrap spring frees the
knee allowing free flexion and extension.
The damper can be removed from the system and readjusted to account for various
user loads.
Operation Stand-to-Sit: When the user begins to sit, the wrap spring locks flexion,
engaging the hydraulic damper to compress under flexion.

Operation Descent: For descent, most of the phase consists of stance flexion. During heel
strike (stance initiation), the wrap spring locks flexion, engaging the hydraulic damper to
compress and resist flexion. During swing the wrap spring must be made free.

6.3.2 Visco-Elastic damper

This damper utilizes friction created by compressing a polyurethane donut to provide
damping. The damper is positioned between two links and can be compressed to increase
the resistance between the two links. The polyurethane donut is connected to link 1 such
that it rotates with link 1, while link 2 rides on its outer surface. The visco-elastic donut
resists the motion of link 2 relative to link 1. When the resistance adjustment screw is
tightened the donut compresses axially and expands radially, increasing resistance to
rotation between link 1 and link 2. The visco-elastic damper provides resistance in both
directions.
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Figure 46: Simple construction of VisoElastic damper knee. The damper is
rigidly attached to link 1, while link 2 is
free to rotate around the external
surface of the damper. The interference
between the damper and link 2 creates
the resistance to flexion. It can be
adjusted by tightening the resistance
adjustment screw.

Why: Along with being a damping mechanism, this architecture provides variable
damping without any need for disassembly. The design can be implemented within the
wrap spring arbor. Unlike the hydraulic damper which has a fixed stroke (start and end)
the rotary nature of this design makes it continuous, eliminating the need to reinitialize
after flexion has occurred. Thus this design can provide only damping. The range of
motion for this design is not limited by the torque generator.

Requirements: The damper requires a rigid connection to the first link. After some use
the damper will wear and will need to be replaced. Complete locking of the knee cannot be
guaranteed at all angles. Support during standing shall be provided in the mechanical
design.
Operation Level Walking: During stance, when the wrap spring locks flexion, the
damper shall resist rotation in the flexion direction. The wrap springs free extension allows
for no resistance by the damper. During swing, the wrap spring frees the knee allowing free
flexion and extension. The adjustment screw can be changed using a tool to account for
various user loads.

Operation Stand-to-Sit: When the user begins to sit, the wrap spring locks flexion,
engaging the visco-elastic damper.

Operation Descent: During heel strike (stance initiation), the wrap spring locks flexion,
engaging the damper to compress and resist flexion. During swing the wrap spring must
be made free.

66

6.3.3 Gas Spring
The gas spring consists of a cylinder and a rod connected to a piston inside the cylinder.
The gas spring is filled with pressurized compressible gas (Nitrogen in most cases). The
pressurized compressible gas creates a force on the piston rod. Compressing the rod
changes the volume and pressure inside the cylinder, changing the resistance force. The gas
spring provides resistance in one direction but provides assistance in the other.
Figure 47: Simple Schematic of a Gas Spring.
Pressurized gas provides resistance to the
motion of the rod. Gas spring can provide
more force in a smaller volume than
traditional metal springs.

Why: The gas spring is capable of providing resistance to flexion but also allows us to
investigate the effect of returning stored energy to the user. We can investigate if energy
return after resistance to flexion would result in a lower metabolic cost than just resistance
to flexion. Gas springs are also available in smaller form factors and are more cost effective
than hydraulic dampers.

Requirements: The physical profile of the gas spring is linear and long. This restricts
the height of the user that could wear the device.
Complete locking of the knee cannot be guaranteed at all angles. Support during
standing can be provided in the mechanical design or by selecting a spring force capable of
withstanding the user’s body weight during single stance completely.
Adjustments to magnitude of resistance require disassembly from the device and
replacing the gas spring. The required gas spring force is a function of the user weight and
activity.

Operation Level Walking: During stance, the wrap spring locks flexion, engaging the gas
spring to compress under flexion. As the knee extends, the gas spring begins to return the
energy stored in it during flexion. During swing, the wrap spring frees the knee allowing
free flexion and extension.
Operation Stand-to-Sit: When the user begins to sit, the wrap spring locks flexion,
engaging the gas spring to compress under flexion. When the user begins to stand the
flexed gas spring can return the stored energy to the user. To increase user comfort a
mechanical disengagement of the gas spring from the user when sitting is desired.
Operation Descent: During heel strike (stance initiation), the wrap spring locks flexion,
engaging the gas spring to compress and resist flexion. During swing the wrap spring must

be made free. Alternatively, the stored gas spring energy can be used in this case to
provide extension assistance, as toe clearance can be achieved by a slight modification of
the gait.

6.3.4 Lockable Gas Spring
Figure 48: Simple Schematic of a
Lockable Gas Spring. The lockable
gas spring consists of a fluid
chamber as well as a gas chamber.
The incompressible nature of the
fluid is manipulated to obtain
locking in one direction when the
valve is closed.

The lockable gas spring damper is similar to the hydraulic damper with the exception
that it contains a pin which can control whether the valve in the rod is open or closed. This
device includes 2 fluid chambers as well as an air reservoir with pressurized nitrogen gas.
Flow between the 2 fluid chambers can be restricted or permitted by controlling a switch
on the rod. The incompressible nature of the fluid allows the cylinder to act like a rigid
body until the pressure on the rod exceeds the air pressure. The lockable gas spring
provides resistance in one direction but provides assistance in the other when the valve is
open.

Why: The lockable gas spring provides all the benefits of using gas spring with the
added advantage of control over the locking state of the gas spring. Since this system can be
put in a fully locked state, it is ideal for use in medical applications where the user has no
control of their knees. Complete locking of the knee can be achieved at all knee angles i.e. if
the controller determines the user’s knee might collapse, the knee joint can be locked at
any angle. This is more robust when compared to the other systems, as the knee does not
have to be over the center to be locked.
Requirements: The physical profile of the gas spring is linear and long. This restricts the
height of the user that could wear the device.
Adjustments to the resistance to flexion as well as the spring force require disassembly
from the device and replacing the gas spring. The gas spring force required is a function of
the user weight and activity.

In order to control the locking feature of this device, an additional actuator is required
to open and close the valve. This system would require more complicated controls as one
actuator (actuator 1) would control the state of clutch to turn free mode on, while the other
(actuator 2) would control the state of the lockable gas spring to control between locked
and resistive state.
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Operation Walking: During stance, the actuator 1 will lock the wrap spring, while
actuator 2, unlocks the lockable gas spring. The locking gas spring will compress under
flexion. As the knee extends, the gas spring begins to return the energy stored in it during
flexion. During swing, the wrap spring frees the knee allowing free flexion and extension.
In case of a medical application where an exoskeleton is controlling the hip and state of the
knee, if the knee lands on the ground in a very flexed position, actuator 2 can lock the
locking gas spring.
Operation Stand-to-Sit: When the user begins to sit, the wrap spring locks flexion,
actuator 2 unlocks the lockable gas spring, allowing the lockable gas spring to compress
under flexion. When the user begins to stand, the flexed gas spring can return the stored
energy to the user.

Operation Descent: During heel strike (stance initiation), the wrap spring locks it’s joint
to flexion, actuator 2 unlocks the lockable gas spring, allowing it compress and resist
flexion. Swing flexion follows stance flexion during which the wrap spring must be made
free. Alternatively, the stored gas spring energy can be used in this case to provide
extension assistance, as toe clearance can be achieved by a slight modification of the gait.
Operation Standing: For individuals with total lack of knee control and limited-to-no
upper body control, actuator 2 will lock the locking gas spring for additional safety.
Note that the locking ability of the lockable gas spring is rarely used.

Adjustable
Resistance
Energy Return
Fully Locking
(Medical Gait
Enabling)
Off –the-shelf
Size

Hydraulic
Damper

Visco-Elastic
Damper

X

X

X

X

Large

X
Small

Lockable Gas
Spring

Gas Spring

X

X

Would require
additional
actuator

X

Large

Medium

Table 10: Attributes of Torque generators

The hydraulic damper, lockable gas spring and gas spring are all linear elements
(physical profile is long) and increase the length of the device.
The size of the adjustable hydraulic damper and lockable gas spring is larger than that
of a gas spring or even a non-adjustable hydraulic damper. In addition, while it is possible
to adjust the resistance level of the hydraulic damper, using a linear hydraulic damper
would always require some form of spring element to reinitialize it.

While the resistance adjustment from the visco-elastic damper does not require
disassembly, it does require external input from the user or trainer.
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The lockable gas spring requires the integration of a secondary actuator to unlock the
knee to allow any flexion. While this configuration would be beneficial for a gait enabling
knee joint (replacing knee function where all knee function is lost), we can achieve similar
performance from a standard gas spring by choosing a force value which corresponds to
the user’s weight or activity for which the device is used.
Gas springs are available in small form factors and are cost effective. They are also
available in various force ranges, thus allowing adjustment for users of various weights.
A gas spring with a wrap spring can achieve the outlined desired performance
characteristics; this architecture manifests to a low cost, low power knee exoskeleton,
while allowing us to investigate both a resistive knee joint behavior as well as the effect on
metabolic cost through its ability to return stored energy. Thus a knee exoskeleton with a
gas spring in series with a wrap spring was designed in this thesis.

6.4 A Modular Mechanical Design

As seen in Figure 20, the center link described in previous sections can be replaced
with a rotary hub. The rotary hub can be constructed as 2 separate pieces, 1) the arbor 2)
the gas spring arm. This construction allows us to easily change the torque generator from
the gas spring to the rotary damper. The gas spring and the gas spring arm can be removed
and replaced with the rotary damper discussed in the previous section. In addition,
removing the gas spring and the gas spring arm and replacing it with a ‘constrainer’
(shown in Figure 49) results in a knee which can be used as a wrap spring knee. The
‘constrianer’ rigidly connects the first link (thigh) and the arbor. This modular design
allows the user or therapist to modify the device based on activity or desired performance
and can be seen in Figure 49.
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Figure 49: Exploded view of knee with replacement components for extra modularity

By designing the arbor to be hollow, the rubber donut, gas spring arm or constrainer
can be attached to it.

The rubber donut can be ‘rigidly’ connected to the first link (thigh) and allows the
arbor to rotate over it. This provides the behavior characteristics of the visco-elastic
damper – wrap spring clutch joint.

The gas spring arm can be pinned connected to the arbor and to one end of the gas
spring. The other end of the gas spring is connected to the first link. This provides the
behavior characteristics of the gas spring- wrap spring clutch joint.
The constrainer can be rigidly connected to the first link and the arbor. This provides
the behavior characteristics of a wrap spring clutch joint only.

6

Chapter VI

Other Applications and Experiments

The device described in this thesis was developed for use as a knee exoskeleton. The
modular knee exoskeleton can be extended for use with full body exoskeletons. The
characteristics of the final system can also be desirable for several other exoskeleton and
non-exoskeleton applications. The chapter also discusses an experimental protocol for
evaluation of the device.

6.1 Full Body Exoskeleton

Figure 50: Full Body Exoskeleton: The dual joint knee can be used with modular hip systems to
meet the needs for various applications
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The knee is functionally modular, i.e. it can be used alone, or in concert with other
exoskeleton modules. Since the electronics and sensors are on the knee exoskeleton and it
does not rely on external signals and commands to function.

The knee exoskeleton module can be used with a powered hip module to reduce
metabolic cost and to provide support during ambulation. This can benefit augmentation
applications as well as medical applications. The knee exoskeleton can also be used with a
passive hip module, to develop low cost exoskeleton systems to reduce strain and injury in
workers.

6.2 Trunk Support Exoskeleton

If the second link is connected to a user’s torso and the first link is connected to the
user’s thigh, the device can be used to support the user’s trunk during stooping and
squatting activities. Back injuries due to repeatedly performing these activities are
common. The torque generator at the hip can reduce the effect of the erector-spinae muscle
forces and thus reduce the stress in the L5/S1 location on a user’s back during these
activities[57]. The solution is [57] a purely passive mechanism where the torque generator
is a pendular mechanism which differentiates between walking and stooping. The
pendulum is attached to the user’s torso and thus measures absolute torso angle. However
the pendulum mechanism is subject to dynamic effects. When the person is walking fast or
performing quick maneuvers, the pendulum can misfire impeding walking.

Figure 51: Use of developed architecture for
reduction of back injuries

By using an IMU to measure the torso angle, a more robust system can be implemented.
In addition, the system in [57] does not provide any support for low angle bending. This is a
result of mechanical clearance required to permit the pendulum to swing and so that
walking is not impeded. By using a microcontroller to control the free and resistive states,
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no such clearance is required for this design. Thus this architecture can provide low angle
hip flexion support.

6.3 Proposed Experiments

Observing the effect of the device on the user can provide great insight about the
effectiveness of the device. The following are experiments design by the author to
determine the effect of the device on the user.

6.3.1 Effect on joint torque of the user

Joint kinematics information can be used to determine joint torque. By determining the
user’s torque with and without the device, we can determine the reduction in joint torque
at the knee.

A vision system is used to measure visual markers on the user. The markers are placed the
user’s torso, hip joint, knee joint, ankle joint and on a visible no-moving reference point.
Additional markers are placed on the first link-gas spring attachment point and the rotary
hub-gas spring attachment point. The exoskeleton knee and the biological knee are
collocated. A video camera capable of obtaining high resolution and high frame rate data is
used to record the user walking over a force plate. The force plate data is synced with the
video data.

The video data can then be processed to obtain joint angles. The high frame is desired so
that the angle data can be processed to obtain joint velocity and accelerations. As an
alternative, curve fitting techniques can be used on the joint angles to obtain mathematical
function for the angle data. The derivatives of these functions can be used to obtain joint
velocities and acceleration. This technique can reduce high frequency noise generated
when differentiating the angle data[58]. The synchronization between the force plate and
the video data allow association of joint accelerations to ground reaction force. This
information in addition to the user’s body proportions can be used to determine torque at
the joint.

This exercise is performed with and without the device. The user shall walk at a selfselected speed. The gas spring force shall be adjusted based on the user’s weight range and
comfort (also self-selected).
By measuring the gas spring compression and measuring the triangular point of the gas
spring mechanism, the torque due to the gas spring can be determined. The difference in
the torque due to the gas spring and the total measured knee torque is the contribution of
the biological knee torque. Several commercial gait systems exist which are designed to
perform this analysis. This experiment can be repeated for a stair descent trail.

It is expected that the resultant biological torque at the knee is lower when the device is
used as compared to when the device is not used. The effect of the addition of the knee
exoskeleton on the other joints should also be observed.
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6.3.2 Effect on metabolic cost of the user
Volumetric oxygen consumption (VO2 max) is a measure of user effort. It is considered
the most accurate method of assessing an individual’s aerobic capacity[59]. Equations
providing estimates of VO2 max are presented in [59]. In addition a consistent and linear
relationship exists between heart rate and workload[60]. Thus heart rate and VO2 max
estimates are determined to gauge the metabolic cost of wearing the knee exoskeleton.
Users between the ages of 30-69 (suggested age by authors of [59]), are asked to walk
one-mile. The user’s heart rate is measured at the beginning and end of the one mile walk.
The users age, weight, gender and time to complete the one-mile walk are used to
determine VO2 max estimate as per [59].

To reduce the variability of weather, the test shall be conducted indoors on a treadmill.
The users shall walk at a self-selected speed. The each user shall perform the experiment 3
times without the device, with the device in unlocked state and with the device in resistive
state (can move to free state when swing is detected as per the state machine). Which
experiment is conducted first (with/without device) shall be determined randomly. After
each test, the user shall be given an hour break, before the next test. The number of tests in
a day on one user should not exceed 2.
Qualitative metrics of activity such as the BORG scale[61] will be used to determine user
relative tiredness after each experimented listed above with and without the device.

It is expected that the metabolic cost of not wearing the device should be lower than that
of wearing the device. This is because self-selected walking is a very efficient process. It is
also expected that the metabolic cost of the device in the resistive state shall be lower than
that of the device in the unlocked state.
The results of the above experiments can also be used to improve the system controller,
to reduce overall metabolic cost expenditure in the user.
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Chapter VI

Conclusion and Future Work

This thesis discussed the development of a low cost and passive stance assistive knee
exoskeleton system for able-bodied and medical applications.

Prior studies suggest that shock absorption at the knee can be beneficial for both
medical and able bodied individuals. From the biomechanics of walking, we identify four
critical characteristics required to develop a stance assistive knee joint.
1) The joint provides resistance to flexion during stance
2) The joint does not impede extension during stance

3) The joint can enter free mode under load at any knee angle

4) The joint has very low impedance / is free while extending and flexing during swing

Some devices such as the Protective knee and the C-brace already exist which come
close to meeting the four requirements. But, the protective knee cannot effectively be used
for able bodied applications for heel strike shock absorption due to severe backlash in the
system at small knee angles. The protective knee resists flexion by using dry friction. Due to
the disparity between static and dynamic friction, the resistance felt by the user is jerky
and not smooth. The C-brace is primarily geared towards medical applications and uses
hydraulics to provide resistance. In addition, the C-brace actively provides resistance to
flexion and extension during swing, violating characteristic 4 necessary to reduce
metabolic cost in users, especially able bodied users. The author believes the mechanical
hardware of the C-brace creates small resistances during swing. Due to head losses
associated with hydraulic systems, a free mode can never truly be achieved. Neither system
provides a restorative energy to the person. If a spring is added to either existing system,
characteristic 3 and 4 will be violated.

Based on prior art, the requirements of the knee during various gaits and the pros and
cons of active versus passive systems, the decision was made to develop a passive stance
assistive system. This type of system is more likely to be accepted by user. The stance
assistance and shock absorption of the device can provide support for medical applications,
while assisting in reducing injuries in able-bodied users.

A mechanical architecture was developed which allowed embedding of several
characteristics into the mechanical hardware of the system. This reduces the burden on the
microcontrollers and reduces need for sensors. A dual jointed architecture with a
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controllable clutch connected across one joint and a torque generator connected across the
other was developed to mechanically achieve the stance requirements (1 and 4) of the
system. By requiring the clutch or torque generator to provide resistance in one direction
but no impedance in the other, characteristic 2 is achieved. By controlling the clutch
unlocked and locked state, characteristic 3 is achieved.
The torque generator and clutch requirements can be fulfilled by several passive
mechanical components.

An investigation of these passive components led to a gas spring being used for the
torque generator and a wrap spring being used as the clutch mechanism. This combination
provides the required characteristics while using a small actuator. This combination also
allows the restoration of energy during extension after it is stored during the resistance
phases. This results in a stance assistance knee exoskeleton which is small, light and can
further help reduce the metabolic cost associated with wearing an exoskeleton.

Due to the large resistive torques and forces on the system, the modular knee ‘soft’
interface to the user’s body is critical. It is determined that the rear thigh brace connection
must be hard/non-compliant. After experimentation it was concluded that a connection to
the ground is required to prevent the modular knee exoskeleton from falling. This falling
misaligns the biological knee relative to the exoskeleton knee and is not desirable.

The wrap spring clutch experiences some backlash as a result of being clamped to the
stationary arbor. This prevents the gas spring from engaging at small angles. To reduce the
backlash which occurs in the wrap spring clutch hardware, a rubber sleeve is added over
the coils on the stationary arbor. This results in restricting excessive movement of the coils
in the stationary arbor resulting is reduced backlash.

For preliminary evaluation, a simple controller was implemented on the system. The
controller only uses the thigh angle to control the system state.

The combination of the thigh angle based microcontroller as well as the ability to
provide free extension at all times allows the resistive state to be initiated during swing
extension. This permits immediate shock absorption by the mechanical hardware upon
heel strike.
It was determined that the use of only thigh angle threshold and knee angle
measurement is insufficient to distinguish between stair descent swing and sitting down/
squatting. Instead of identifying stair descent swing as separate from sitting in the control,
the user can modify his or her gait during stair descent to provide toe clearance. This
modified gait enables comfortable stair descent while still allowing the device to provide
stand-to-sit assistance. To improve comfort during sitting, the system must be unlocked in
the seated position. To achieve this a new state machine was proposed which uses thigh
angle, knee angle and time to identify seated position.
The system requirements for a fully supportive medical exoskeleton are different than
that for an exoskeleton that provides supplemental support for able-bodied users. The
range of motion of the device increases with the stroke length however increasing the
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stroke length increase the volume of the device, so the range of motion is limited to a range
acceptable for biological knee replacement joint 120°. With a 120° range of motion, the
needs of most able-bodied and all medical exoskeleton applications can be met.

The location of peaks torque required for fully supportive medical exoskeletons differs
from the location of the peak torques for augmentation. The device developed uses the
criterion for supplementing user needs rather than providing full support, so that the
author could verify the characteristics of the device on their person. The final device is 3.6
lbs (compared to 5lbs nominal weight of most KAFO’s). The device can support and fit
users from a 5th percentile female user to a 75th percentile male user. The system is capable
of taking 35000 steps between charges.

This architecture can be adapted to other applications. The system can be used with
hip modules powered or unpowered to augment and assist various users. The system can
be oriented to be used as a trunk support exoskeleton. Several experiments are proposed
in Chapter 6 to further the evaluation and validation of this design.

7.1 Future Work

While some preliminary experimentation has been conducted to verify the system state
machine and confirm system characteristics, more evaluation could help determine
effectiveness of the device.

Evaluation:

By measuring ground reaction forces and joint kinematics, torques at the knee and
other joints can be determined. By comparing the total torque at the knee joint against the
torque of the exoskeleton due to gas spring compression, we can calculate the reduced
torque on the biological knee joint.
VO2 max and user heart rate can be used to obtain a quantitative metric of user fatigue.

Qualitative metrics of activity such as the BORG scale should be used to determine user
relative tiredness with and without the device. These tests can be performed for level
ground walking as well as stair descent.
A version of the device optimized for use with a medical exoskeleton can be evaluated
to determine improvements in gait due to a more natural resistive knee rather than lock
unlocked knee joint.

Sit to Stand Assistance:

Standing up from a seated position is a challenging activity and the ability to assist with
this maneuver can improve the user’s quality of life. The current construction of the device
permits stand-to-sit assistance by resisting flexion. However the energy stored during
stand-to-sit is dissipated to allow comfortable sitting. If the spring can stay compressed
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while sitting, but not impede the user, the spring energy can be harvested during sit-tostand.

The rotary hub/center link can be modified such that some of the energy stored during
sitting can be reused during sit-to-stand. Figure 52 shows a second arm (arm 2) is extended
from the rotary hub. The rotary hub rotates about the surface of the first link. The arm 2 is
located such that when the gas spring is flexed by 100°, the arm 2 extends past the surface
of the first link (Figure 53). A spring loaded pin is installed on arm 2. The pin is sprung such
that it pushes into the first link, i.e the surface of the first link compresses the pin spring.
When the second arm extends past the surface of the first link, the spring extends and the
pin is released. The released pin blocks the motion of the gas spring in the extension
direction as it can hit the edge of the first link. This prevents extension of the gas spring but
does not prevent compression. Thus if a user desires to squat they can continue to do so.
The gas spring remains charged at the 100° location if the knee is freed to accommodate
sitting. Once the user is ready to stand, the locking signal can be used to put the knee back
in resistive mode. The pin must now be moved out of the way. This can be done manually
or can be done passively automated. Manual mode: the user pulls out the sitting pin.

Figure 52: Proposed modification to rotary hub.
All items in grey are part of the rotary hub. At
low angles, the sitting pin rides on the first link
surface.

Figure 53: Proposed modification of rotary hub
for sit to stand assistance. All items in grey are
part of the rotary hub. At an angle of 100°, the
first link surface ends and the sitting pin ca move
out.
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Passive automated (Not shown in figure): If the user flexes the knee past the 110° point, the
pin can be displaced (such that the spring is compressed and the pin is radially shifted by
riding on a cam surface) such that it now moves in a path that does not interfere with the
first link. The gas spring now assists in extending the knees during sit-to-stand. When fully
extended, the pin can be reset mechanically such that it is prepared for the next sitting
sequence using cams.

Smaller design:

The mechanical system can be made smaller by changing the wrap spring
implementation in the system. The current implementation allows for the modular
mechanical design discussed in section 6.4, which allows us to change the torque
generating element. As mentioned earlier, the wrap spring diameter should be large
enough to prevent yielding stress on the arbor surface. The current wrap spring diameter is
larger than required to meet this requirement as it was not customized. i.e. the safety factor
on the stress on the arbor and wrap spring coils are higher than required. Thus a smaller
diameter wrap spring can be implemented. Without this design constraint of using the
external wrap spring, and as the wrap spring diameter can be reduced, a custom internal
wrap spring can replace the existing external wrap spring design. This eliminates the extra
thickness added as a result of the rotary hub arm Figure 42. This has the potential to
reduce the system size further by 0.25inch. This difference in thickness can make the
device more wearable under the user’s pants.

Passive Triggering:

While the implementation described in Figure 20, shows the use of an actuator to
control the state of the device, it is possible to develop a device which is fully mechanically
passive, i.e. the system does not use any batteries, electrical sensors, or actuators.
During the design of a biomechanical passive triggering mechanism, 3 triggering
mechanisms can be used:
1) Ground reaction force
2) Relative motion/angle of a joint
3) Absolute orientation of a limb.

Any of the triggering mechanisms can be used individually or in combination. Ground
reaction forces can be obtained by placing a deformable member, such as a push rod
(Figure 6 d) or a spring, beside the user’s foot or under the user’s foot to determine if the
user’s foot is on the ground. The location of the deformable member can be adjusted to
determine if the user’s toe is on the ground, heel is on the ground or if both are on the
ground. The motion of the deformable member can be used to actuate the mechanism:
push or pull the wrap spring tang to lock and unlock the system.

Relative motion of a joint refers to mechanisms where relative motion between the
links that form a joint can be used to trigger the mechanism. This can be done by
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connecting cables across the joint (Figure 6 b), linkages across the joint, cams profile on a
joint to push / pull the wrap spring tang.
Absolute orientation of a limb requires the use of a pendulum mechanism such as the
mechanisms of [62] and [57]. The tang and pendulum would be oriented such that the
pendulum would move the tang at a predetermined angle. Pendulum mechanisms can be
subject to dynamic effects.
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Appendix A
Electronics Components
Micro Controller:

Pro-Mini Arduino microcontroller developed by SparkFun.
Feature
Size
Processor
Clock Speed
Logic Voltage
Digital I/O’s
Analog Pins

Specification
18x33 mm2 (0.7”x1.3”)
ATmega328
16Mhz
3.3V
14
8

IMU:
9DOF Razor IMU
Features

Gyroscope

Specification
ITG-3200
gyroscope

triple-axis

digital-output

Accelerometer

ADXL345 13-bit resolution, ±16g, triple-axis
accelerometer

Magnetometer
Data Output
Logic

HMC5883L - triple-axis, digital magnetometer
Serial Stream
3.3v

Bluetooth Module:
Bluetooth Modem - BlueSMiRF Gold
Feature
Size
Power Consumption
Frequency Hopping
Frequency
Operating Voltage
Baud Rate Available
Antenna

Specification
0.15x0.6x1.9"
25mA average
Yes
2.4-2.524Ghz
3.3-6V
2400-115200bps
Built In
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Servo:
Hitec 32085S HS-85MG Metal Gear Micro
Torque
Speed
Size
Gearing
Weight
Cost

0.29Nm (4.8V); 0.34Nm (6.0V)
0.16sec/60° (4.8V) ; 0.14 sec/60° (6.0V)
28.96x12.95x29.97mm3 (1.14x0.51x1.18inch3 )
Metal
21.8g
$30

Lithium Polymer battery
Feature
Battery Setup
Voltage
Current Capacity
Max Current Out

Specification
2 battery in series
7.4V nominal
800mAh
10C

Encoder:
Austrian Microsystems AS5045
Feature
Encoder Type
Resolution
Output

Specification
Magnetic
12 Bit , 0.088°/step
Serial Protocol
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