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Abstract

A new design is proposed for an energy storing orthosis (ESO) that restores walking to
people with spinal cord injury by combining functional electrical stimulation of the
quadriceps muscle with a mechanical brace that uses elastic elements to store and transfer
energy between hip and knee joints. The new ESO is a variation of a previous design and
uses constant force springs for energy storage. A study was completed investigating gait
dynamics of the ESO. Preliminary assessment, using simulations and prototype testing
indicates that the design has demonstrated technical feasibility and that constant force

springs are a viable option for accomplishing gait in the ESO.



Table of Contents

LIST OF TABLES ... ..ottt eare e earees v
LIST OF FIGURES ... .ottt Vv
CHAPTER 1. INTRODUCTION.....cciiiiiii ittt eaae s 1
L. OVERVIEW L.uutiiiii ittt ettt ettt e ettt e e e sttt e e s et e e e s e b b e e e e s bbb e e e e e bt e e e e s eabbaeeeeaanbeeeessarees 1
A LY T LU L3N = 4
R T @] =] =l 1 V7 =SSR 7
R T @ O] [0 = = 9
(G U] o O3 o] TSRS 9
JOINE RANGE OF MOTION......eiiiiiiiiiceee e 11
Available QUAAriCEPS TONGUE .......eeiveeieiiecie ettt 12

LQ KINEBMALICS. ...ttt e et 12
ESO COMPONENTS ...ttt e e ssb e s nrbe e e nnneean 14

1.5 DESIGN REQUIREMENTS .....ciiiitttteteteeeesiestttereeeeeeessssstsraeeessesssasnsssssesesssesssnssssssssessens 15
CHAPTER 2.  ESO DESIGN ..ottt ettt 17
A Y =10 o U = = 17
2.2 SPRING ATTACHMENT COMPONENT ..eiiiiiiiiiiittreiee e e e e s seibbbrree s s e e e s s ssabrbesesssesssssssbasens 18
2.3 SPRING ENERGY STORAGE COMPONENT .....uvvvtteiiieeeesieisrreeeeeseeessssasssseesssessssssssssens 21
2.4 JOINT BRAKING COMPONENT ....utttiiiiiieeeiiiiitireeeeeeessseisbbbaresssessssssabsbesesesesssssesssssens 25
2.5 HIP JOINT DESIGN ....ttttiiiiie e sttt e s e e s s s et e e e e e s e e e s s s sabbbae e e e s e e e s s sabbbeeens 29
Hip JOINt LOCKING SYSTEM......uviiiiieiie sttt 30
GRAN ANAIYSIS ...ttt 31

2.6 THIGH BEAM DESIGN ..uttviiiiiiiiiiiiiitiiie ettt baae s s e e e s s snabbbaa e e e s e s s s s sbbbanes 33
A A TS Lo TN =] [T 37
CHAPTER 3.  ESO ASSESSMENT ...ttt 39
K A I T e T = (0 B [0 7 2] =S 39
G O 1= ] =l o 1 A/ = 40
DyNamiC SIMUIATION ........oiiiiiieieee e 40
BENCH-TOP TESING ..eevveeiie ittt eera e 40

TR I\, = 10 0 41
Dynamic SIMUIALION..........ccuiiii e 41
BENCN-TOP TESTING ..ot 44

G 3 {1 U T T 46
DeSIgN REQUITEMENTS ......eviiiieiieieiesie ettt bbbttt bbb 46

] £ L [ [0 [ 1 A 0] o [U TP OPRRT 47



[ E= L o = o PSP SPR 48

.5 DISCUSSION ..uuvieiiiiiriie e i ittt e s ettt e e ettt e e s et bt e e e s et e e e s e bt e e e e s sabaeeeesabbaeeesabbaeeessnbbaeeeaans 53
I OLe] (o] I L] Lo 56
REFERENGCES...... .ottt ettt et e s b e e e s e b e e e e s sbraeeeaans 59
APPENDIX A PREVIOUS ESO ART ..ottt e 62
A.1 FIRST GENERATION ESO . ..oiiiiiiiiiii ittt 62
A.2 SECOND GENERATION ESO..cciiiiiiiiiteiie ettt ettt et bren e 64
A.3 SECOND GENERATION ESO CONTINUATION ...occiiiiieeciitriee e citee e e s sraee e s sevveee e evrnee s 65
A.4 PREVIOUS ESO COMPONENT NOTES ...uvtveiiieeeiiiiirtteeereeessssssssssesssesssssssssssesesssesssnsns 66
(G TR 01 1 10 OSSPSR 66
Pneumatic energy Storage elements...........ccovieirieiene e 66
HYAFaUIIC SYSTEIMS ...ttt e re e nas 67
Elastomers (rubber DANAS) ..o 68
Wrap Spring Brakes (WSB) .....c..ooveiiee et 68
APPENDIX B LEG KINEMATICS ..uuutututurutuuursrsrsssrsssrsssssrssesssssssssssssssssssssssssssssssssssssssee 70
APPENDIX C WAVE VS. COIL SPRINGS ...uvviiiiiiiriieeiitiiee e sittree e s sitbee e e s sbaeeessnnsaesessnnnnee s 71
APPENDIX D WRAP SPRING BRAKES .. .ovttiiiiiiiii ittt e e siabrree e s e 73
D.1 WRAP SPRING UNLOCKING DATA ..ottt et 73
D.2 SERVO IMOTOR ANALYSIS 1 ettttteiiieeieiieittttteriee e e s s ssbbbeeesssessssssssbsbeeesssesssssssssssessssses 75
APPENDIX E  BILL OF MATERIALS ...cooiitttiiiiie e seitttriee e e s e s sibbares s s e e e s s ssiabbbesesssessnnans 81
APPENDIX F  SIMIMECHANICS c.cceiiii ittt ettt svbraee s e e s s eabbbaee e e s e e s ans 82
F.1 SIMMECHANICS OVERVIEW ..utttiiiiiiiiiiiiitieieeeee e s s seibbbeees s s e s s s s sssbabaeessseessssssbabasssseens 82
22 1Y, [0 )= I 82
F.3 ADDITIONAL INFORMATION AND DOCUMENTATION ..vvviiiieiiiiiiiriieeee e e s seiirrreeeeeeens 85
[ WU 0] T XN 85
APPENDIX G MOTION CAPTURE SYSTEM .uttiiiiiiiiiiiiriiiieieieeessiiirrieeeseeesssssassrssesssesssnnnns 87
APPENDIXH ESO PROTOTYPE WEIGHT REDUCTION ...cccieiiiiittieieeiie e siirireee e e 91



List of Tables

Table 1.1 - ESO design SPECITICALIONS ..........coiiieiieieiee e 16
Table 3.1 - ESO design requirement reSUILS .........cccovveiviiieiieiece e 47
Table 3.2 - Static hip JOINT TONGUE .....cooveiiiiiiiieeeee e 47
Table 3.3 - Static KNee JOINT tOrQUE .......cveiieiieeie et 47
Table 3.4 - DYNAMIC FESUITS ...c.vveueeiieeee et 53



List of Figures

Figure 1.1 - Externally powered exoskeleton, reprinted from [18] ........ccccooeiiiiniiinnnnnn 3
Figure 1.2 - Controlled brake orthosis, reprinted from [22] ........cccoovevviiiiieii i, 4
Figure 1.3 - 2nd generation ESO, reprinted from [24] ... 5
Figure 1.4 - ESO primitive gait cycle. The right leg actuation takes place during step 1-4

and left leg actuation takes place in StEPS 5-8......ceevvriiiiieiiiie e 8
Figure 1.5 - ESO thigh segment that houses main ESO gait components......................... 8

Figure 1.6 - Four phases of gait. (1) is the biased equilibrium position of the leg. (2) is the
stimulation of the quadriceps causing knee extension and energy storage in the spring
elements. (3) is the fall forward of the user to the ground. (4) is the hip extension energy

2] L7 - TSSOSO 9
Figure 1.7 - Spatial body planes, reprinted from [30, . 47].....cccoviiiiiiiiineieeeeee 11
Figure 1.8 - Available quadriceps stimulation torque, reprinted from [16]...................... 12
Figure 1.9 - Joint torques due to gravity for hip and knee joints...........ccccooeiiieninnnnnnn. 14
Figure 2.1 - Right leg ESO design. There are three main subsystems the hip joint, the
thigh segment and the KNee JOINL. ........cccooiiiiiiiiiee e 18
Figure 2.2 — Knee spring attachment bar, L is length of joint torque arm. As the shin
rotates the attachment bar rotates displacing the energy storage spring...........c.ccoeeveeueee. 20

Figure 2.3 - Spring torque profiles for knee and hip joint’s range of motion. The two
spring types compared to the gravity torque on the joints from the leg’s center of mass. 22
Figure 2.4 - Spring force to weight comparison between a constant force spring and a gas

] 01310 TSRO PP UTUT VU PRURORORN 24
Figure 2.5 - Spring packaging comparison between a constant force spring and a gas
] 01310 TSRO PP UTUT VU PRURORORN 25

Figure 2.6 - Wrap spring brake, reprinted from http://machinedesign.com/. When locked
the input hub can spin in the direction of the arrows, but when the wrap spring control
tang is unlocked the input hub can spin in either direction. By attaching the HAT and leg
segments to the input and output hubs the joints can be locked and unlocked to prevent

and allow JOINT ACTUALION. .......coiuiiiii et snee s 26
Figure 2.7 - Hitec HS-35HD Ultra Nano Servo Motor, reprinted from

Nt //WWW.SEIVOCITY.COM/ ...ttt e e annas 28
Figure 2.8 - Hip JOINT OBSIGN ....eouiiiiiiieie et 29

Figure 2.9 - Hip braking concept. The top input gear causes the rotation of the bottom
gear to reverse, creating two shafts rotating in opposite directions that can now be locked

in both directions by two identical Wrap SPrings. .......ccccveivieiieiiiciie e 30
Figure 2.10 - Gear width safety factor for a range of gear widths from 0.1 in. to 0.5 in.. 32
Figure 2.11 - Thigh segment design that connects the hip and knee joints ...................... 34



Figure 2.12 - Thigh beam free body diagram. Energy storage elements try to rotate the

beam, but support from the leg support bar and hip joint prevents rotation..................... 35
Figure 2.13 - Thigh beam deflection for a range of available beam diameters ranging
from 0.125 0N, 10 0.5 1N, wouiiiiiiiiiiee e b 37
Figure 2.14 - KNee JOINT USION....c.voiiiiiiriiiiriieieee et 38
Figure 3.1 - ESO thigh prototype. Constant force springs not loaded to attachment bars
because force on joints is high without the gravity torque from leg..........ccccoeiiivnnnnnee. 39
Figure 3.2 - ESO bench-top testing set-up. Thigh prototype mounted vertically to
plywood so gravity can be properly accounted for. ... 41

Figure 3.3 - Simulation phases start to finish. (a) is the knee extension simulation to full
knee extension. (b) is the hip extension system, and (c) is the return to equilibrium....... 43
Figure 3.4 - MaxTRAQ motion capture software. Video can be played and stopped while
tracking joint angles. The program can plot the angles for the testing time. .................. 45
Figure 3.5 — Hip and knee static joint torque data. This data is the excess torque on the
joints due to the energy storing springs. The predicted excess energy from initial static

calculations is the dOtted INE. .........cooiiiiiiee e 48
Figure 3.6 - Knee extension tralS ... s 49
Figure 3.7 — Individual hip extension trials. Simulation prediction comparison is the

(o[0T SR 50
Figure 3.8 - Hip extension tralS ..........ccccvoiiiiiii e 50
Figure 3.9 - Hip equiliDrium trialS ........cccooiiiiiiieieee s 51
Figure 3.10 - Knee equilibrium trialS..........c.ccoveiieiiiiciicce e 52
Figure 3.11 — Possible ESO final ProducCt............cccoeieieiiniienincieeeee s 58

Vi



Chapter 1. Introduction

1.1 Overview

Individuals with spinal cord injury (SCI) have limited modes of transportation. The
wheelchair is the most common mobility aid, but 64% of SCI respondents prioritized
walking as the main form of mobility to experience again [1]. Standing is another priority
at 25%, and can provide health benefits compared to spending long periods in a
wheelchair [2]. There are 273,000 people living with SCI injuries in the U.S. with

approximately 12,000 new cases each year [3].

Several technologies that enable people with paraplegic SCI to stand or walk have been
developed [4]. They include functional electrical stimulation (FES), externally powered
orthosis, and orthotic bracing. FES is the contraction of muscles by electrical stimulation
to cause or drive limb movement. This technology has been shown to improve health and
longevity of the user and their muscles [2], [5]-[10]. Electrodes that cause stimulation are
connected to the muscles by implantation directly into the muscle or on the surface of the
skin. Implantation is done through surgical techniques and is usually left in the muscle
permanently [11], [12]. By stimulating multiple muscles systematically FES can produce
assisted standing and gait [8], [12]-[15]. There are limitations when using FES alone to
achieve gait. Muscle fatigue can occur quickly when using FES [16]. Depending on

which muscles are being stimulated, placement of the electrodes can be difficult to
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achieve optimal muscle output for both implanted and surface stimulation. Joint control
can also be difficult using FES because of the high number of degrees of freedom and

because muscle output is not repeatable with stimulation input.

Externally powered exoskeletons generate torque to drive the joints to achieve gait [17]—
[19]. Figure 1.1 is an example of a powered exoskeleton from Farris et al. The power
sources vary and examples include batteries and pneumatics. Electric motors are the most
common way to drive the joint with rigid orthotic bracing on each leg. Since external
power is needed, power sources must be incorporated into the device, which can lead to
the device being heavy and the user carrying large loads usually in the head-arm-torso
(HAT) region. Also, external power sources can quickly run out of energy, which makes

these devices impractical for everyday use.



Figure 1.1 - Externally powered exoskeleton, reprinted from [18]

Hybrid devices combine useful aspects of the different gait technologies [20]-[29]. One
type of hybrid device combines FES with orthotic bracing for better joint control. Using
this concept, muscle fatigue can be reduced by better joint control and by locking the
joints and relaxing the stimulated muscle to conserve energy as the walking cycle
advances. For example, Goldfarb et al. used magnetic particle brakes for joint control
with FES [22], [27] (Figure 1.2). Another concept for a hybrid device was developed by
Quintero et al., who completed the preliminary design of the joint coupled orthosis (JCO)

[25].



Figure 1.2 - Controlled brake orthosis, reprinted from [22]

1.2 Previous Art

The energy storing orthosis (ESO) is another type of hybrid device [21], [24], [26], [28]
(Figure 1.3). The ESO stored energy and used the energy with specific timing to drive
gait. The advantage of this device is that no external power source is needed other than
the power for muscle stimulation. Further, with the ESO, stimulation of only one muscle
can provide the energy that is stored in the device. This indicates that the ESO devices

should be lighter than the externally powered gait devices.



Figure 1.3 - 2nd generation ESO, reprinted from [24]

The work by Rivard et al. was the initial design of the ESO device [21], [26]. Several
energy storage elements were considered for the walking device including mechanical
springs, gas springs, and pneumatic air cylinders. Gas springs were chosen as the ESO
energy storage elements because of their stored energy to weight ratio compared to other

components.

The second generation of the ESO device used a different energy storage element and
addressed the design issue of locking the joints throughout gait [28]. Gas springs, from
the previous ESO, were determined to be inadequate for the new design. Instead of the

gas springs, elastomer bands were the new energy storage element explored. Rubber
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bands were used instead of gas springs because of two characteristics: their ability to
store energy in a package that is small and light, and their ability to stretch many times
the original length. Also the various sizes of bands and the ability to quickly add or

remove bands to the device made them a desirable design choice.

The next phase of the second generation ESO design optimized the energy storage
elements [24]. No components or systems were changed from the previous

design. Instead, the new design improved component force characteristics and mounting
locations of the previous ESO. The goal of the study was to transfer energy as efficiently
as possible from the quadriceps to the knee and hip while maintaining adequate posture
and consistent joint range of motion. The system was simulated using Matlab, and
accounted for force/torque, power and energy requirements of the energy storing systems.
Results from the study were the number of rubber bands and mounting locations for the
ESO energy storage systems. Previous art has shown that the ESO concept is feasible, but
has flaws that limit performance. More information on the previous ESO art is in

Appendix A.

Several issues limit the capabilities of the previous ESO devices. Upper body support was
an issue with the ESO for providing both comfort and rigidity needed for reaching gait
trajectories. Another issue was the user’s inability to sit in a wheelchair. Periodic resting

is needed for SCI users, making this design undesirable. Another issue was the long don



and doff time, and difficulty for the user to perform this task. A potential reason for this
difficulty is the bracing on the inside of the legs requiring the device to be slid onto the
leg from behind instead of on the side if only straps were present on the inside of the
user’s leg. Problems have been encountered with the energy storage bands not working as
intended and wearing out quickly. The profile and packaging of the device’s components
was also a concern and future ESO versions should limit the main components to the

thigh.

1.3 Objective
The new ESO design presented in this thesis is based on previous ESO work [21], [24],

[26], [28], but uses constant force springs to store and transfer energy, rather than the
pneumatic and elastomeric springs used previously. The new ESO uses FES of the
quadriceps to extend the knee and also to provide energy to storage elements to produce
the gait sequence in Figure 1.4. The quadriceps muscle is a suitable muscle for surface
FES because of its large area and ease of electrode placement. Once the muscle energy is
stored and the FES switched off, the hip and knee joints are locked and unlocked with

specific timing to prevent muscle fatigue.

The purpose of the project was to determine if the new ESO concept is feasible to justify
continuing development. Technical feasibility was assessed by a study of the hip and

knee joint’s static and dynamic properties during gait. The focus of this research is on the



hip and knee joint mechanisms, which are novel, and not on the entire orthosis or body
attachment points, which are conventional. Figure 1.5 is a simplified ESO thigh segment

concept with the hip and knee components.

FIREETRA

Figure 1.4 - ESO primitive gait cycle. The right leg actuation takes place during step 1-4 and left leg
actuation takes place in steps 5-8.

Hip Lock/unlock

Hip Spring
Attachment

Hip Equilibrium Spring

Transfer Spring Thigh shank

Knee Equilibrium Spring

Knee Spring Knee Lock/unlock

Attachment

1
1
1
1
|
]

Figure 1.5 - ESO thigh segment that houses main ESO gait components
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1.4 ESO Concept

Gait Cycle
The ESO walking motion models a primitive gait stepping sequence in Figure 1.4.

Conventional gait is more complex involving ankle flexion and extension to provide
forward propulsion. The forward progression of primitive gait is the falling forward of

the foot, steps 4 and 8 in Figure 1.4, until it comes into contact with the ground.

The gait produced by the ESO has four phases (Figure 1.6): equilibrium, stimulation, foot

ground contact, and hip extension.

(1) Biased (2)Stimulationof  (3) Footground (4) Hip extension
equilibrium quadriceps contact

AN

\ ==

TTTT 7T 77777777 7777777777

Ground

Figure 1.6 - Four phases of gait. (1) is the biased equilibrium position of the leg. (2) is the stimulation
of the quadriceps causing knee extension and energy storage in the spring elements. (3) is the fall
forward of the user to the ground. (4) is the hip extension energy release.



The first phase of the gait cycle is the biased equilibrium position of the leg. To hold the
leg in place at this position a locking mechanism is needed at the hip and knee joints, or
gravity would prevent the leg from staying at these angles. Springs at the hip and knee
are used to move and hold the leg against gravity when the locking mechanism is

unlocked.

To transition to the second phase, FES of the quadriceps is applied that results in the knee
swinging to full extension (Figure 1.6). To prevent muscle fatigue the knee joint is locked
at full extension and the FES switched off. During knee extension energy from the
quadriceps is also delivered to a transfer spring that releases its energy at a later point in
the gait cycle. After the knee is fully extended, the user falls forward onto the foot of this

extended leg to the foot ground contact position.

The transition to the hip extension phase occurs through energy release from the transfer
spring into the hip joint. The locking mechanism at the hip is important to conserve
quadriceps energy from being released at improper times during gait. The final release of
quadriceps energy takes place as the leg moves from phase 4 back to phase 1, when the
springs around the hip and knee joints flex the leg back to the starting equilibrium

position.
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Joint Range of Motion

The required joint ranges of motion are taken from Goldfarb et al. [22]. During the gait
cycle the hip joint actuates from 25 degrees of flexion to 10 degrees of extension. The
range of motion of the knee joint is from full extension to 60 degrees of flexion. Joint

rotation in the sagittal plane is used in the development of the gait cycle (Figure 1.7).

Figure 1.7 - Spatial body planes, reprinted from [30, p. 47]

This means that the hip and knee joints are modeled and act as pin joints. By restricting
rotation of the joints to pin joints in the sagittal plane, the joint is simpler saving space
and weight. Rotation in the transverse and frontal planes occurs during conventional gait,

but will be mitigated by the orthotic bracing of the ESO system.
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Available Quadriceps Torque
The available quadriceps torque must be defined to accomplish gait using FES. The

quadriceps is used to drive the energy storing components in the ESO device. A previous
study investigated the torque output of the quadriceps as a function of knee flexion [16].
For the ESO the knee is at 60 degrees of flexion when stimulated. This corresponds to the

highest available torque output of the quadriceps muscle (Figure 1.8).

rarques, M om

1 L i Il 1 ]
il 40 &0 &0 100 3
pasilion , degrees of Hlexion

Figure 1.8 - Available quadriceps stimulation torque, reprinted from [16]

The torque available at this position is about 53 Nm. This means that the ESO cannot

expect the quadriceps to deliver more than the 53 Nm of torque to drive gait.

Leg Kinematics

To begin detailing a design for the ESO device leg parameters must be defined.

Parameters used were the average male’s height and weight of 1.75 m and 79.5 kg [31].
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The leg lengths, weights and center of gravity are the variables recorded for the ESO
project. The thigh, shin and foot lengths can be determined by taking a fraction of the
whole body height [30]. Appendix B is used for finding the weight and center of gravity

of the segments.

Once the leg characteristics were defined, the needed joint torque can be found for the
design based on the hip and knee joint’s range of motion. A static analysis determines the
torque at the hip and knee joints due to gravity. This torque found using static analysis
represents the torque due to the leg’s center of mass position during the joint range of
motion. As the legs are flexed the center of mass of the leg segments is moved further
away from the joints resulting in a larger torque on the joint. For both the hip and the
knee joints the leg force from the center of mass was calculated from the leg kinematics.
Then the center of mass distance from the joint was calculated over the joint range of
motion. Figure 1.9 shows the static gravity torque seen at the hip and knee joints using

the calculated leg center of mass information.
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Figure 1.9 - Joint torques due to gravity for hip and knee joints

This information is needed when designing the ESO device because the energy storing
components will have to supply more torque at the joints than the gravity torque, to hold
the leg at the desired joint angles. If the components do not have enough torque at the

joints, gravity will cause the leg to swing and not reach the desired angles.

ESO Components

Three energy storage and release elements are needed for the four phases of primitive
gait. When the quadriceps is stimulated energy is stored in the transfer spring and the
knee equilibrium spring. The transfer spring is used to drive hip extension and the knee
equilibrium spring returns the knee joint back to the flexed equilibrium position. The
third spring is the hip equilibrium spring which brings the hip joint back to the
equilibrium position in the last phase of the gait cycle. Consideration for the type of

springs used is the main design challenge, so that the available quadriceps torque is used
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as efficiently as possible. An attachment point for the spring elements is needed that best
matches the gravity torque profiles of the joints. Another component needed is the
locking mechanism of the hip and knee joints. These components hold the joints at any
angle in the joint’s range of motion. Important considerations for the locking components
will be size and profile, weight, actuation and performance. Later sections will detail the

considerations and choices of the main elements for completing the ESO concept.

1.5 Design Requirements
Table 1.1 shows the design specifications for the ESO. Requirements 1 and 2 enable the

user to sit in a wheelchair with the device. This is needed when resting, and also for
donning and doffing the device. Requirement 3 prevents the user from collapsing while
wearing the device. This also enables the joints to be locked at any point during gait.
Requirement 4 is what is needed to move the leg to the equilibrium position. These
requirements were calculated using static analysis (Figure 1.9). Because the thigh
segment contains no motors and no batteries, its weight should be less than competing
devices, which drives Requirement 5. The weight goal is from our previous ESO [24],

and it is derived from the weight of the lightest powered orthotic systems.
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Table 1.1 - ESO design specifications

No ESO Design Specifications
' Metric Unit Value

1 | Lateral width m <0.54

5 Seated joint angle hip Deg 105F
Seated joint angle knee Deg 90F

3 | Holding torque: hip and knee | Nm >31

4 Equilibrium torque hip Nm >7.5
Equilibrium torque knee Nm >8.2

5 | Thigh segment weight kg <4.34

16




Chapter 2. ESO Design

2.1 Structure
The preliminary ESO design for the right leg is shown in Figure 2.1. The left leg is a

mirror image. Since we are currently interested in the technical feasibility of the concept,
the rest of the orthosis above and below the thigh segment is not shown. Further all of the
important joint locking, energy storage and energy release components are located on the

thigh segment of the ESO.

Constant force springs were chosen for the energy storing elements. The knee spring and
the transfer spring store energy when the quadriceps is stimulated. The hip spring stores

energy when the transfer spring is released.
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Figure 2.1 - Right leg ESO design. There are three main subsystems the hip joint, the thigh segment
and the knee joint.

2.2 Spring Attachment Component
Several components can attach the springs to the joints creating a joint torque. The

attachment mechanism determines the torque arm of the joint’s torque. Since the torque
at the joints varies as the leg is actuated due to gravity, a spring attachment option can be

investigated that best accommodates holding the leg at fixed angle positions.

One option is a constant radius pulley. This pulley has a constant joint torque moment
arm. Sizes of the circular pulley cannot be changed and require installation of an entirely
new pulley in the device. As the size increases, creating a larger torque arm, the energy

spring force will decrease, but the stroke length of the spring will increase. When the
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pulley diameter decreases the spring force will increase, but the stroke length will get
smaller shortening the needed spring displacement. This relationship can be problematic
with spring force and displacement capabilities and circular pulleys do nothing to address

the varying gravity joint torque.

Another attachment option is a variable radius, or cam pulley. A cam pulley would
change radius as the hip and knee joints are actuated. This causes the joint torque to
change as hip and knee rotation occurs due to the varying torque arm length. The
advantage of the cam pulley is the ability to reduce the torque arm length when a large

torque is no longer needed, thus reducing the stroke length of the energy storing spring.

For this project a fixed length bar attachment mechanism was used that combines the
function of both pulley types. This option attaches the spring at a specific location on the
joint and as the joints are actuated the attachment point will travel in a circular arc

motion, but produce a varying torque arm length (Figure 2.2).
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Knee
Spring

Knee
Flexion

Extension

Shin

Figure 2.2 — Knee spring attachment bar, L is length of joint torque arm. As the shin rotates the
attachment bar rotates displacing the energy storage spring.

The spring attachment bar length can be determined at the flexed equilibrium angles for
the hip and knee. This is the angle with the largest gravity torque. The bar length can be
calculated by dividing the gravity torque by the spring force at this location. The
attachment bars for the knee and hip joints should be installed parallel to the ground at
the angle with the highest gravity torque for hip extension and hip and knee equilibrium.
Then when the joint is extended from this angle the joint torque moment arm L, will
decrease causing the torque on the joint to decrease (Figure 2.2). Because of the torque
arm length decreasing during extension the spring joint torque can better match the leg

gravity torque profile, unlike the circular pulley. There are several advantages for this
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type of spring attachment. Since the component can now be a bar instead of a circular
pulley, the weight of this component is reduced. Also no cables that wind around the
pulleys are needed, and the spring element can be directly attached to the torque arm bar.
Another advantage is the ease of changing the torque arm distance. If more or less torque
is needed, based on the ESO user’s leg characteristics, the bar length can be changed.
This is unlike the cam pulley where a pulley profile has to be determined for an

individual user.

2.3 Spring Energy Storage Component

Three springs are incorporated into the ESO design to accomplish gait. Those springs are
the knee equilibrium spring, hip equilibrium spring and transfer spring. Springs can be
generalized into two categories. Either having a spring constant where the spring force is
proportional to the spring displacement, or they have a constant force output. Examples
of the first type include coil springs and rubber bands from the previous ESO device. The
constant force options include gas springs, or constant force springs. Information on wave

springs versus coil springs can be found in the Appendix B.

The energy storing spring for the ESO can be selected by investigating the component
joint torque, weight and packaging. To start selecting possible energy storing components
the leg gravity torque profiles were revisited (Figure 1.9). The calculated static joint

profiles of the two types of springs were plotted with the spring attachment option now
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selected. Both types of springs were selected having a force output capable of holding the
leg in the equilibrium position. Figure 2.3 shows the joint torque profiles of these two

types of springs compared to the joint gravity torque over the knee and hip joint’s range

of motion.
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Figure 2.3 - Spring torque profiles for knee and hip joint’s range of motion. The two spring types
compared to the gravity torque on the joints from the leg’s center of mass.

For the coil spring a spring constant was selected from springs capable of meeting the
force and displacement requirements of the ESO application. Coil springs do not follow
the gravity torque curve as well as the constant force springs indicating that excess
energy from the quadriceps will be required to overcome this additional torque. Also as
the coil spring displacement increases the force will increase, and for the ESO the torque
decreases as the spring is displaced during the hip and knee extension. For this reason the

springs whose force is proportional to extension can be eliminated.
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The constant force spring torque matches the needed gravity torque better, along with the
attachment bar helping to decrease the torque arm length during hip and knee joint
extension. This suggests the spring elements for the ESO should be gas springs or
constant force springs. Weight and packaging of the energy storage component were
further investigated. Constant force springs were chosen for the ESO energy storage

components because of component packaging.

If one of the springs can deliver more force per component mass to the ESO the weight
of the device would be reduced. Weight is an important design criterion for the ESO and
the energy storing springs contain a significant portion of the device’s weight.
Investigating the difference in weight between the gas springs and the constant force
springs (Figure 2.4) reveals that the components have approximately the same force per
mass for the component’s stroke length. This indicates that either spring is a viable option

in the ESO concerning the component weight.
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Figure 2.4 - Spring force to weight comparison between a constant force spring and a gas spring

Constant force springs were selected for the ESO because of the packaging capabilities
compared to gas springs (Figure 2.5). The difference between the two springs is the
extended length. The ratio of the extended length of a constant force spring compared to
the stroke length is 1:1. For the gas spring the ratio is 2:1. The cause of this difference is
the small length of the constant force spring’s housing compared to the stroke length.
This is due to the spring coiling around a centralized hub. Unlike the gas spring where the
housing has to store the entire stroke length, so when the spring is extended the overall

length is double the stroke length. Minimal packaging and size of the energy storing
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spring is desired for the ESO, and constant force springs are chosen because the spring

extended length is half the size of gas spring’s extended length.
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Figure 2.5 - Spring packaging comparison between a constant force spring and a gas spring

2.4 Joint Braking Component

For locking the joints during gait, wrap spring brakes were chosen. Wrap spring brakes
work by allowing rotation in one direction, but when locked, not the other (Figure 2.6).
Other joint locking options include friction brakes, serrated plates, pin locks, or dog
clutches. Wrap springs are advantageous for several reasons. The first is user safety. If
power failure of the device occurs the wrap spring unpowered position locks the joint,

preventing collapse of the user. Another advantage is the fast unlock/lock response
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because the spring can be actuated with just a small motion of the spring’s control tang.
A third advantage, which is unique to wrap springs, is that the brake can be unlocked
under load with only a small force needed to move the spring tang. This means that a
small brake actuation mechanism can be used saving space and weight. A fourth
advantage is that the wrap spring brake has an exceptional holding torque to weight ratio
and a relatively small device can be used to hold the torques seen at the ESO joints when

fully loaded.

Single-revolution
clutch Output hub

Output-hub tang
Wrap spring
Control tang

Input
hub

Figure 2.6 - Wrap spring brake, reprinted from http://machinedesign.com/. When locked the input
hub can spin in the direction of the arrows, but when the wrap spring control tang is unlocked the
input hub can spin in either direction. By attaching the HAT and leg segments to the input and
output hubs the joints can be locked and unlocked to prevent and allow joint actuation.

26



The joint locking torque of the wrap spring was modeled to hold the user in the standing
position without collapse. A locking torque greater than 31 Nm was needed and it was
determined by static analysis [24]. The wrap springs used for the ESO design have a
locking torque of 40 Nm, with the wrap spring torque calculations based on the work of

Irby et al. [32]. The wrap spring locking torque equation is

— L 2mN
T, = EIR—2(e*™ — 1)

where Ty is the grip torque, R is the shaft radius, r is the neutral axis radius of un-
mounted spring, ro is the neutral axis radius of mounted spring, N is the number of coil

turns and p is the friction coefficient.

Unlocking the wrap springs requires an actuation mechanism to move the spring’s control
tang to the unlocked position. Experimental measurements found a control tang
displacement of 0.5 cm will completely unlock the wrap spring. The force needed to
move the tang 0.5 cm is 4.94 N. More experimental information about wrap spring

unlocking can be found in Appendix D.

A mechanical control tang actuation mechanism can be designed knowing the unlocking
length and force. The goal of the mechanism is to toggle the wrap spring between the
locked and unlocked position, while using the least amount of energy as possible. If

possible, the unlocking energy source should be shut off to conserve energy in the
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unlocked position since the wrap spring brakes stay unlocked during gait. Possible
control tang actuation devices are solenoids, linkages, or motors. For the ESO a servo
motor will be used for the actuation mechanism. The advantage of a servo motor is the

fast response, control and output force in a small, light device.

A servo motor can be selected from the experimental analysis in Appendix D. For the
ESO an achievable servo motor angle of travel, with a reasonable motor arm length, to
achieve the fastest control tang actuation time is 60 degrees. The angle of travel cannot be
so small that the motor arm length impacts the packaging and size of the joint wrap
spring brake system. The Hitec HS-35HD nano servo motor (Figure 2.7) was selected for
the size and torque output. The servo motor actuation time is approximately 0.1 seconds
for this angle of travel. The torque is approximately 15 Nmm, and the motor arm length

is around 5 mm.

The HS 15O % Mot B 500 of » penry

Figure 2.7 - Hitec HS-35HD Ultra Nano Servo Motor, reprinted from http://www.servocity.com/
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2.5 Hip Joint Design

The hip joint is shown in Figure 2.8. Energy storing in the transfer spring from the
quadriceps takes place in a constant force spring. The connection for the hip equilibrium
spring is also located on the hip joint. The attachment points of the springs were selected
to provide the desired joint torques. Two wrap springs with servo motors are embedded
in the hip joint wrap spring brake. The joint reflects effort in making the width and

overall profile as minimal as possible.

HAT
segment

C.E. spring
Hip extension connector
energy storing

spring

Servo motor
lock/unlock

-I Wrap spring
4

/"‘ joint lock

ST Thigh
segment
connection

Figure 2.8 - Hip joint design
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Hip Joint Locking System
A custom wrap spring brake is used to lock the hip joint. With ESO gait, during certain

phases, the hip must not rotate in either direction so two coupled wrap spring brakes are
used. Shafts hold the two wrap springs, and 2024 aluminum alloy gears transfer the
motion between the two brakes (Figure 2.9). This concept works by the gears switching
the direction of rotation between the two shafts, and locking of identical wrap springs
allow no rotation. A key aspect of this design is locking the hip joint in both directions
required no added hip width; instead the second wrap spring was added parallel to the

thigh.

Wrap
Spring
Brake

Shaft

Gear

Figure 2.9 - Hip braking concept. The top input gear causes the rotation of the bottom gear to
reverse, creating two shafts rotating in opposite directions that can now be locked in both directions
by two identical wrap springs.
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Gear Analysis
This section explains how the gear width is determined in the ESO hip joint. A width can

be found by calculating the gear factor of safety. The minimum gear width will reduce
the weight and width of the hip joint. The hip will be the widest section of the ESO

device, so finding the minimal gear width is important.

A spur gear was selected to complete the locking and unlocking of the hip joint (SDP/SI,
S1086Z-024A045). The gear diameter must provide enough operating clearance between
the two wrap springs located at the hip joint. A gear with a pitch diameter of 1.88 in was

selected for this reason.

Analysis of the gear is modeled from Juvinall and Marshek [33]. This equation for

finding the tooth bending stress is

F.F

°= v

where F is the tangential component of the gear force, P is the diametral pitch, b is the

gear width, and Y is the Lewis form factor. The safety factor equation is
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where S, is the fatigue strength of the gear material. The smallest width can be selected

by the safety factor calculations for different widths.

Gear safety factor results are in Figure 2.10. The x-axis value is the gear width. The

widths range from 0.1 in. to 0.5 in. The resulting safety factors range from a minimum of

1 to a maximum of 5.25. As the gear width increases the safety factor increases linearly.
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Figure 2.10 - Gear width safety factor for a range of gear widths from 0.1 in. to 0.5 in.

A suitable gear width can be selected by analyzing Figure 2.10. Usual engineering

applications ask for a safety factor of 2. Any width value from 0.1 in. to 0.2 in. is

unacceptable for the ESO design. At just over 0.2 in. the safety factor is 2.1. This would

be acceptable for the device, but does not account for any unforeseen problems that could
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cause the gear to fail. Instead, a gear width of 0.25 in. was selected. The resulting safety

factor is 2.6.

2.6 Thigh Beam Design

The thigh segment (Figure 2.11) provides the device structural support, fixation and
housing for the mechanical hardware while coupling the hip and knee joints. Structural
support of the thigh segment is provided by two 6061 aluminum tubes sized to support
the loads from the energy storage components while remaining rigid to prevent bending.
The weight of the device was reduced by using tubes instead of solid rod members.
Another support member is the under the leg support bar also made from 6061 aluminum,
and works to stabilize the leg along with the straps. The thigh segment houses the hubs of
the hip and knee equilibrium constant force springs. They are placed in the middle of the

thigh segment to minimize the profile and size.
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Figure 2.11 - Thigh segment design that connects the hip and knee joints

The smallest beam diameter to use in the thigh segment can be determined. An
acceptable diameter will be determined by calculating the beam factor of safety and the
deflection. Since the thigh beams are long any reduction in diameter will significantly

reduce the weight of the device.
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Figure 2.12 - Thigh beam free body diagram. Energy storage elements try to rotate the beam, but
support from the leg support bar and hip joint prevents rotation.

The thigh beam can be modeled as a simple beam (Figure 2.12). Thip and Tinee are the
torques at the hip and knee joints. Fspport 1S the reaction force of the moments at the
location of the leg support bar. The force of the support bar can be found by setting the
sum of the moments equal to zero at the hip location. The support bar force equation is

Ty 1T

F =
g D.S

where D refers to the distance of the support bar from the hip. The thigh beam’s factor of
safety can be calculated by dividing the beam material’s shear strength by the stress on
the thigh beams. The beam stress is found by dividing the force of the support bar by the

area of the beams.

The deflection of the beams is the other important calculation. The desired joint angles

will not be reached if deflection of the thigh beams is allowed in this application. The
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deflection model incorporates the beams from the hip to the knee joint with an
intermediate load, the support bar force, with two simple supports. The deflection
equation is

Fa®(L—a)®
3EIL

g =

where F is the force of the support bar, a is the distance of the support bar from the hip, L
is the length of the beam, E is Young’s Modulus of the beam material, and I is the
moment of inertia [34]. The factors of safety and deflections can be determined using
these equations for different beam diameters. Then a beam diameter with minimum

deflection can be selected for the ESO application.

The beam ranges from 0.125 in. to 0.5 in. The safety factors of the beams are well above
the minimum for the ESO thigh segment. The beam deflection is of most concern
because any beam deflection will prevent the joints from reaching the desired joint range

of motion. Beam deflection results are in Figure 2.13.
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Figure 2.13 - Thigh beam deflection for a range of available beam diameters ranging from 0.125 in.
to 0.51in.

Any beam diameter that deflects more than 0.5 in. is unacceptable for the ESO device. A
beam diameter of 0.375 in. will satisfy the deflection criteria based on the standard sizes
of rod diameters. At this beam diameter the deflection is 0.1 in., which is minimal. This

thigh beam diameter should provide an adequate design for the ESO device by

minimizing deflection and weight.

2.7 Knee Joint Design

The knee joint (Figure 2.14) is similar to the hip joint in materials, components and
function. One difference is the need to lock knee rotation in only one direction, which
means there is a single wrap spring and servo motor at the knee for joint braking.
Extension rotation is always allowed because the quadriceps stimulation can be turned off
and the knee will no longer rotate in that direction due to energy stored in the knee
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equilibrium spring. The knee spring is connected to the knee joint at a desired torque arm

length to generate the needed torque for holding the joint in the equilibrium position.

Thigh segment
connection

Servo motor
lock/unlock

CF spring

Knee to foot
segment

Figure 2.14 - Knee joint design
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Chapter 3. ESO Assessment

3.1 Thigh Prototype

The thigh prototype (Figure 3.1) was created for experimental assessment of the ESO.
The three constant force springs are connected by bolts to the attachment bars located at
the hip and knee joints. Three wrap springs are used to lock and unlock the hip and knee
joints along with three servo motors. Support rods on the thigh segment help to stabilize
the device and house the equilibrium constant force springs. Further details on the

prototype are in Appendix E.

Figure 3.1 - ESO thigh prototype. Constant force springs not loaded to attachment bars because
force on joints is high without the gravity torque from leg.
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3.2 Objective

Dynamic Simulation
A dynamic simulation model was used to evaluate the gait dynamics of the ESO

design. Simulations of the different phases of the gait sequence will give useful data on
the available energy, joint positions, and timing of the proposed design. This data will

help evaluate the feasibility of the ESO design.

Examining the dynamics of leg movement during each of the gait phases can determine
whether the energy storage elements are acting as intended. Another purpose was
determining the timing to complete each phase of the gait cycle. The gait cycle time of
the design could be proven impractical if the cycle time is slow compared to the non-

impaired gait time of 1 cycle/second.

Bench-top Testing
Static and dynamic data will be collected for the prototype. The objective of testing the

prototype is to evaluate feasibility of the ESO concept in accomplishing gait. The other
importance for performing bench-top testing is to compare the data to the simulation
predictions. Analysis will verify whether the simulation is a useful tool and the prototype
components are functioning as predicted in the simulation. The bench-top set-up is shown

in Figure 3.2.
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Figure 3.2 - ESO bench-top testing set-up. Thigh prototype mounted vertically to plywood so gravity
can be properly accounted for.

3.3 Methods

Dynamic Simulation
The dynamic simulation model was implemented using Matlab and SimMechanics. The

leg of an average male and the ESO device worn on the leg were modeled as a two link
mechanism with the proper mass and center of gravity [30], [31]. Forces, torques and
spring components were attached to these linkages to model the stimulation of the
quadriceps and the energy storage components. The thigh and shin lengths were both
0.43 m and the mass was 8 kg and 3.7 kg respectively. The force from the energy storage

elements was 107 N.
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The simulations give analytical results and are also shown as animations to insure desired
dynamic performance. Solid body members were defined, in this case the leg linkages, in
the block diagram for the ESO simulation. Then parameters were applied to the solid
bodies resembling the dynamic forces and joints that are in the system. Pin joints were

used to connect the solid model linkages in the simulation.

The hip and knee joints were modeled as revolute joints, and the initial starting position
of the joints and the allowable actuation angles were specified. Then forces from the
constant force springs were defined and attached to the model with proper positioning on
the linkages to simulate the realistic attachment and operation of the energy storing
components. To simulate the quadriceps FES torque, a joint input torque was applied to
the knee joint. The simulation will be useful in determining what the magnitude of the
quadriceps input torque will be to accomplish gait and if it is below the available
quadriceps torque [16]. The quadriceps minimum torque will be found by finding the
value where the gait phases can no longer be completed due to lack of energy storage.

More information on SimMechanics simulations is in Appendix E.

There are three phases of interest during the gait cycle for the dynamic simulations. The
first is the quadriceps stimulation phase. The purpose of this simulation is to determine
the required quadriceps torque to drive the gait cycle and to investigate the dynamics of

the joint angles as a function of time. If the energy storing components used to complete
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the gait cycle require too much torque from the quadriceps, rapid muscle fatigue will
occur and the design would be impractical. The next simulation is the hip extension phase
which explores the hip extension timing and positioning for the joint range of motion.
Then the return to the equilibrium position of the hip and knee joints can be simulated
investigating the position and timing. The simulations start and finish positions of the

knee extension, hip extension and return to equilibrium gait phases are in Figure 3.3.

Figure 3.3 - Simulation phases start to finish. (a) is the knee extension simulation to full knee
extension. (b) is the hip extension system, and (c) is the return to equilibrium.
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The simulation animation displays the linkages and the blocks (Figure 3.3) represent the
constant force spring attachment points. In the knee extension and equilibrium
simulations the thigh, lower leg and foot were modeled by the linkages. The fixed point
was at the hip joint. Whereas with the hip extension the entire leg was modeled as a
linkage and the upper linkage is the HAT segment. The bottom of the leg linkage, which

IS in contact with the ground, is the fixed point for this simulation.

Bench-top Testing
A preliminary prototype of thigh segment was created. Weights were placed on the thigh

segment and shin segment of the prototype matching the mass and center of gravity of the

average leg [30], [31].

The static torque of the hip and knee joints was measured using a tension force sensor
(Wagner Instruments, Force Five). A force gage was used to measure the joint force for
the hip and knee joint’s range of motion. Three trials were conducted at each joint. Force
was recorded in angle increments of 5 degrees using a protractor at the joints that
connected to the leg segments. This force data can then be converted to a torque by

multiplying the torque arm length where the force was measured.

A motion capture camera and subsequent programming was used to measure the dynamic
data for the ESO prototype. This data gives useful information on the joint positioning

and timing that can be compared to the simulation data.
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The motion capture system that was used is a motion capture camera (Basler, Scout) in
conjunction with video recording software (Pylon Viewer). This software sets video
recording parameters for the prototype testing. Motion analysis software (Innovision
Systems, MaxTRAQ) was used to analyze the video. Retro reflective markers were
placed on the hip and knee joints, the HAT and shin segments of the prototype for the
motion capture analysis. Points on the prototype can be defined in the software and joint
angles formed by these points can be calculated as the prototype test video is advanced
(Figure 3.4). More information about the motion capture system and software can be

found in Appendix G.
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Figure 3.4 - MaxTRAQ motion capture software. Video can be played and stopped while tracking
joint angles. The program can plot the angles for the testing time.
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There are three phases of interest during the gait cycle for the dynamic prototype testing.
These are identical to the phases used in the dynamic simulation. The first is the
quadriceps stimulation phase. From this knee extension actuation time can be found. The
hip extension phase timing is the next simulation. The return to equilibrium position
timing is the last test phase. For each phase of gait 10 test trials were conducted for

dynamic prototype testing.

3.4 Results

Design Requirements

The thigh prototype and the computer solid model were used to verify the size and weight
requirements specified for the ESO (Table 3.1). The overall width of the design is 0.505
m while still accommodating the hip width of the average adult male. This is below the
specification for allowing the user of the device to fit into a wheelchair when sitting
down. The ESO thigh prototype mass is 2.33 kg and was estimated to be 2.5 kg from the
solid model design, which is under the requirement for the leg. Weight for orthotic
bracing above the hip joint and below the knee joint will still need to be added to secure
prototype to a leg, but most of the weight will still be in the energy storage components in
the thigh segment of the device. More weight can even be removed from the prototype
components, and more information is in Appendix H. Further, while not a requirement,

the joint is compact, extending only 0.032 m above the hip and 0.025 m below the knee.
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Table 3.1 - ESO design requirement results

No.

ESO Design Specifications

Metric Unit | Required | Measured
1 | Lateral width m <0.54 0.505
) Seated joint angle hip Deg | 105F 105
Seated joint angle knee Deg | 90F 90
3 | Holding torque: hip and knee | Nm | >31 40
A Equilibrium torque hip Nm |>75 20
Equilibrium torque knee Nm | >8.2 16
5 | Thigh segment weight kg <4.34 2.33

Static Joint Torque

Static force measurements were taken at both joints. The force on the joints will be due to

excess energy needed for joint actuation stored in the springs greater than the joint torque

due to gravity. The results are in Table 3.2 and Table 3.3. This force data can then be

converted to a joint torque in Figure 3.5.

Table 3.2 - Static hip joint torque

Hip joint force vs. knee angle

\Hip angle (deg) 10| -5 © 5| 100 15 20| 25
[Hip force (N)  [Trial 1 48| 46| 37 27 20 12 44 0

Trail 2 48| 42| 38| 29 22| 18 8 0

Trial 3 49 47| 39 27| 19 15 7.6 0
Table 3.3 - Static knee joint torque

Knee joint force vs. knee angle

Knee angle (deg) o 51 10| 15| 201 25| 30| 35| 40| 45| 500 55| 60
Knee force (N) [Trial 1 57.8/47.2| 43.1[ 40.0] 36.5[ 33.4] 29.8| 25.4| 20.9{ 22.2|15.1] 8.9[ 2.7

Trail 2 57.8|45.4| 44.0{ 40.0] 37.4{32.5| 31.6/ 24.9| 20.0{ 16.5|12.5| 8.0 2.7

Trial 3 57.4|54.7| 43.6] 38.3| 36.9/ 33.8| 29.8/ 25.8| 21.8[17.3|12.9| 8.9 2.7
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Figure 3.5 — Hip and knee static joint torque data. This data is the excess torque on the joints due to
the energy storing springs. The predicted excess energy from initial static calculations is the dotted
line.

For both of the joints the maximum torque was at full extension, and the minimum occurs
at the equilibrium angles of flexion. For the hip the maximum measured torque was 20

Nm and the predicted was 10 Nm, and for the knee the maximum was 16 Nm and the

predicted was 10 Nm.

Dynamic Testing

The knee extension phase actuates the knee joint from the angles of -60 degrees to 0
degrees with O degrees referring to full knee extension. When knee extension occurs the
quadriceps muscle provides energy that is stored in the equilibrium spring and the
transfer spring. A quadriceps torque of 15 Nm was implemented for the trials, which is
below the available quadriceps’ stimulation torque [16]. The knee extension test interest

was the amount of time for the knee joint to fully extend. Figure 3.6 shows the knee joint
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angle versus time. The simulation time to extend the knee using FES of the quadriceps

was 0.68 sec. The average time of the trails to extend the knee was 0.97 sec.
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Figure 3.6 - Knee extension trials

Hip extension is the next phase test results. The hip was actuated from 25 degrees to -10
degrees. The individual trial results of the hip extension actuation are in Figure 3.7. All
other trial results are averaged when presented as results. Figure 3.8 shows the average of
the trials. The hip extension phase took 0.22 sec for the simulation, and the average

motion capture hip extension trial time was 0.24 sec.
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Figure 3.7 — Individual hip extension trials. Simulation prediction comparison is the dotted line.
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Figure 3.8 - Hip extension trials
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The final dynamic testing phase is the return to the equilibrium position. The knee angle
returned from O, full knee extension, to -60 degrees and the hip angle returned from -10
to 25 degrees. Hip equilibrium dynamic results are in Figure 3.9. The time of the hip

equilibrium trials was 0.72 sec, and the hip simulation time was 0.36 sec.
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Figure 3.9 - Hip equilibrium trials
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Figure 3.10 - Knee equilibrium trials

The return to equilibrium position for the knee joint is in Figure 3.10. The average trial
time for the knee to reach equilibrium was 0.24 sec. The simulation predicted this time to

be 0.47 sec.

Results and analysis of the gait phase data are available in Table 3.4. The percent error
was used to compare the simulation time and mean trial time. The root mean square
deviation (RMSD) calculation compares the predicted simulation profiles and the actual
trial profiles. The RMSD averages the mean difference squared between the simulations

and trials for the time increments of the motion capture system. Then the square root of
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the difference average is taken giving a standard deviation in degrees between the

predicted and experimental profile values.

Table 3.4 - Dynamic results

Knee Hip Hip Knee

Extension Extension Equilibrium Equilibrium
Simulation Time (s) 0.68 0.22 0.36 0.47
Avg. Trial Time (s) 0.97 0.24 0.72 0.24
Standard Deviation (s) 0.13 0.02 0.04 0.04
% Error 42.65% 8.04% 98.61% 48.67%
RMSD (deg) 11.23 0.65 2.13 5.56

The total single leg gait based on the dynamic simulations was 1.37 sec. To complete the

entire gait sequence involving the other leg the time would be 2.74 sec. For the prototype

trials the single leg gait time was 1.92 sec, and the entire gait sequence would take 3.84

SecC.

3.5 Discussion

Determining if the ESO design is feasible for producing gait is the main purpose of

assessing the prototype and concept. For the ESO to be feasible the design must be able

to complete the different stages of the gait cycle using only the energy from the

quadriceps muscle. Also the design must uphold the design requirements for use and

functionality, and the cycle time to complete gait must be reasonable compared to other

gait devices.
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The static joint torque results (Figure 3.5) indicate that the energy storing springs are
capable of holding the leg at any angle needed for the joint’s range of motion. Our design

requirement results demonstrate the prototype meets all of the design targets (Table 3.1).

If the joint gravity torque could be matched precisely by the energy storing springs the
measured static torques would be just above zero (Figure 3.5). Based on previous spring
torque profile analysis (Figure 2.3) this is not the case for the constant force springs and

extra torque will be created compared to the gravity torque.

The measured static torque data is higher than the predicted values. This could cause
knee and hip extension to take longer than predicted by the simulation. Both of the
measured joint torques act as expected for releasing energy for completing the gait

phases.

The dynamic testing indicates that gait can be completed using the ESO for all phases:
knee extension, hip extension and return to equilibrium. Our experimental results of gait

timing differ from the simulation predicted times (Table 3.4).

Figure 3.6, Figure 3.8, Figure 3.9 and Figure 3.10 demonstrate that the gait phases are
being completed by the ESO. The profiles show that the joint angles are actuating in the
desired direction with the proper timing indicating concept feasibility. The root mean

square deviation results suggest that these profiles are similar between the ESO prototype
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and simulation data. For some of the testing phases the joint angles are not able to reach
their desired joint range of motion impacting the similarity between the trials and the
simulations and thus the root mean square deviation values. Bending where the joint
attaches to the thigh segment is the cause for this problem. The root mean square
deviation values for the knee joint are higher and bending was apparent at this joint

during testing compared to the hip joint.

The timing of the gait phases is shown in Table 3.4. The percent error results show that
the chance of the trial timings being related to the simulation timings is minimal, except
with the hip extension trial with an 8% error. The hip and knee equilibrium results show
the largest RMSD and percent error. The testing times are slower than the simulation
times for the knee extension, hip extension and hip equilibrium. The cause could be
friction in the joints that are not accounted for in the simulation. Also the higher than

predicted static joint torque results may account for the slower phase times.

One implication of the ESO assessment is that the concept can complete the gait cycle
phases. What this indicates is the main components of the ESO design are viable options.
These are the constant force springs used for storing and releasing energy, and the wrap
springs used to lock and unlock the joints. The other implication from the ESO
assessment is the time to complete the gait sequence. The cycle time was 3.84 sec based

on prototype trials. This is slower than conventional gait, but similar to the gait cycle
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times of other available gait restoration devices. This cycle time is influenced by the
minimal quadriceps torque input of 15 Nm. If the torque is increased to the average

available torque, 53 Nm, the gait time would be reduced during the knee extension phase.

3.6 Conclusion

The ESO is a new hybrid orthosis concept for restoring walking to people with spinal
cord injury. The main components of the design were found to be the energy storing and
joint locking components. Three constant force springs were selected and used for storing
energy that drive hip extension and the return to equilibrium of the hip and knee joints.
Stimulation of the quadriceps uses 15 Nm of torque to drive knee extension and provide
energy to the constant force springs. Wrap spring brakes at the hip and knee joints were
chosen to be the joint locking components for their advantageous size and functionality.
Two wraps springs were used at the hip joint to lock rotation in both directions, and one
wrap spring was used at the knee joint allowing rotation in the knee extension direction

only caused by FES of the quadriceps.

The purpose of the project was to create a new ESO concept. Assessment of the main
components of the ESO design reveals that the device should be feasible for
accomplishing gait. Analysis of the ESO feasibility occurred during the concept,
simulations and testing phases of the project. Concept analysis showed that the main

components should act together with systematic timing to accomplish gait. Dynamic
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simulations indicated the components could work together to complete the different gait
phases. The simulations provided timing and positioning data. Then a prototype was
created for bench-top testing. Prototype construction and testing verified the design

requirements, static and dynamic feasibility and an acceptable gait cycle time.

One need for the ESO device is the ease of donning and doffing the device for the user.
Use of this device by people with SCI will require them to be able to independently use
the device including taking it on and off. Further development is needed to achieve a
good way for the user to easily get into and out of the orthotic bracing of the ESO. The
advantage of the thigh ESO design is that the thigh component can be independent of the
orthotic bracing so the device can be assembled with several lighter components. Another
need is hip and knee joint stops. These joint stops allow the joint’s range of motion
during gait, but prevent the joints from reaching angles outside the range of motion. Then
when sitting is desired these stops can snap out of place so the hip and knee can flex past
the range of motion needed during gait. Ideally when the user stands up from the
wheelchair the stops will snap back into place automatically and gait can be continued.
Figure 3.11 is a rendering of how the final ESO could look. No bracing or components

are located on the inside of the legs making the device easier to don and doff.
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Figure 3.11 — Possible ESO final product
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Appendix A Previous ESO Art

A.l First Generation ESO

This project was the initial design of the ESO device [21]. Several energy storage
elements and systems were considered and analyzed. Mechanical springs, gas springs,
and pneumatic air cylinders were chosen as options to act as energy storage elements for
the walking device. The project focused on how to turn these mechanical components
into an energy storage system. The efficacy of each of these systems and components will
be analyzed individually in later sections. Mechanical springs were decided to be omitted
from this initial design, and the initial design of the ESO was a combination of a gas

spring and a pneumatic energy transfer system.

Each system has a different function in completing gait. The pneumatic system was used
to extend the hip during gait. Two air cylinders are used for each leg to complete the
pneumatic system. The air cylinder at the knee joint acts as the storage device that stores
energy in the form of compressed air. The energy for this system comes from the user’s
quadriceps as the knee joint extends compressing air inside the knee cylinder.
Compressed air is then transferred to the cylinder located at the hip joint through a

hose. The piston then extends causing extension in the hip driving the hip from 10
degrees of flexion to 25 degrees of extension. The gas springs return the hip and knee

joint back to the equilibrium position of the gait cycle. Two gas springs were needed for
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each leg and one was located at the knee and the other was located at the hip. Together

these components used and stored energy to complete the gait cycle.

Analysis of the design of the first generation ESO device included software simulation
and bench top testing. Software simulation of the ESO design was completed using
ADAMS software. The leg was made from two links with a joint. The two energy storage
systems were placed in their respective locations on the links and the simulation was ran
to gather results of the modeled design. By running the simulation data could be collected
about the velocities, angles of the joints/links, and mounting locations of the design.
Other key results of the simulation were stroke lengths and the needed forces of the
mechanical components of the design. Bench top testing was used to prove the modeling
results. A prototype leg was constructed from wood with similar center of mass
properties as an actual leg. Then the mechanical components were placed on the leg and
data was collected for comparison with the simulation. From the testing and simulations
the required energy from the quadriceps to drive the system was 8.9 J. Quadriceps can
realistically provide 14 J. Longevity problems, like muscle fatigue, will be encountered in
the quadriceps if more energy is used during the stimulation. The initial ESO design

proved that the design is feasible within the capabilities of stimulating the quadriceps.
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A.2 Second Generation ESO

The second generation design of the ESO device started investigating new energy storage
elements and addressing the design issue of locking the joints during the gait phases

[28]. Gas springs were explored again, but were decided to be inadequate for the new
design. Instead of the gas springs being used to return the leg to gait equilibrium, a new
mechanical energy storage element was used. This new component was elastomer bands,

commonly known as rubber bands.

The first generation design did not address the issue of joint locking during the gait and
while standing. When the knee and hip extend, the joints need to be locked in place for a
brief period of time, especially while the other leg is completing the gait cycle. Also the
user should be able to stand upright in the locked device when gait is no longer

desired. The new design addressed this problem through the use of a braking

system. Wrap spring brakes located at both the knee and hip became the braking system
for the new design. Through the use of a solenoid the wrap spring brake could be locked
or unlocked at any leg angle. Another consideration for the device braking system in the

second generation design was hydraulics, but this system proved to be problematic.

Bench top testing was completed for this new design. The testing investigated each of the
mechanical components of the design. Leakage, dead volume, output force and energy

storage were analyzed for the pneumatic cylinder system. For the braking system the
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holding torque, slip, power intake, solenoid stroke and engagement force were all
tested. Testing of the rubber bands included how many rubber bands are needed to

achieve the desired output force and displacement.

Clinical testing on one SCI user was completed for the second generation ESO
design. The test included one SCI user standing with parallel bars for stability. This
ensured that a user could stand in the device and the braking system would prevent
collapse. The user’s quadriceps was not capable of receiving electrical stimulation so

walking tests could not be completed.

A.3 Second Generation ESO Continuation

The continuation of the ESO device design included the optimization of all of the energy
storage elements [24]. No new components or systems were changed from the second
generation. Instead the study explored component specifications and mounting

locations. The goal of the study was to transfer energy as efficiently as possible from the
knee to the hip. Adequate posture and maintaining joint range of motion had to be
maintained for the optimal design. The study, which was simulated using Matlab,
accounted for force/torque, power and energy requirements of the system. Number of
needed rubber bands and band mounting locations are one key result of the study. Time
to complete one gait cycle was also investigated along with air cylinder stroke length and

bore size.
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A.4 Previous ESO component notes

Gas springs

The gas springs work by compressing nitrogen gas in a cylinder. The advantage of these
springs is their ability to operate at high pressures (50-100 psi). High forces can then be
achieved due to the high pressure. The technology that makes the gas springs attractive is
the ability of the component to maintain a constant high force. This means the force will
not change as the joint angle is changed. Another positive of gas springs are their
capability of storing high amounts of energy while remaining small and light. Leakage
and loss of pressure are not an issue with gas springs meaning they have long life.
Several disadvantages of gas springs have presented themselves in previous designs.
Although many different gas springs are readily available, they are difficult to adjust for
each different user. The variance in height and weight means a different gas spring may
have to be used. An issue with this is the gas springs will be different sizes making it

difficult to mount for each case.

Pneumatic energy storage elements
Air cylinders work in a similar way to the gas springs. The difference being instead of

using compressed nitrogen gas, air cylinders use compressed air at high pressures to
produce a force. Pneumatic components like air cylinders have high energy to weight
ratios, even higher than gas springs. Another benefit is that air cylinders come many

different sizes and pressures that can be adjusted to a desired output force. The advantage
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of pneumatics for the ESO is the ability to transfer energy in the form of compressed air
from one location to the other (knee to hip). The pneumatic components needed for the
ESO are a hose, a valve, and air cylinders. Energy can then be transferred from the
quadriceps to the knee joint and on to the hip joint. Several issues do exist for the
pneumatic system. The first is the dead volume in the system from the valves. This
results in a significant energy loss. The other problem with pneumatics is their inability to
stop the joints. Significant damping is present in the pneumatic components and they act
like a spring when the joints need to be locked for stability and energy conservation

during gait.

Hydraulic systems
A hydraulic system is also capable of serving as an energy storage system in the ESO

design. The potential of hydraulic systems is they can double as both the energy storing
system and braking system, unlike pneumatic systems. The reason for this is the
hydraulic oil is incompressible and the air in pneumatics is not. This means hydraulic
systems can be stopped suddenly and efficiently at any desired joint angle. Disadvantages
do exist for the hydraulic ESO systems. Possible leakage of the hydraulic fluid is a
significant risk. Also if the fluid has leaked too much and needs to be replaced, this
means the device will need periodic maintenance which may not always be possible for
the user. Previous analysis also determined that the flow losses across the hydraulic

valves are unacceptably high for the energy storage system of the ESO device. Additional
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problems are the components are large and heavy causing the overall device to weigh

more than the acceptable device weight.

Elastomers (rubber bands)
Elastomers are a different mechanical component then the others previously described.

Not only are rubber bands lighter than the traditional energy storage components, they are
also smaller in size and profile. The advantage of rubber bands in the ESO design was
their ability to store more energy per unit weight than any other component. Also because
rubber bands were easy to couple together and take on and off they offer adjustability
between user’s size and weight that was not possible with other components, which have
to be removed and remounted to adjust to the varying size of users. Issues were found
using elastomers as the energy storage system in the ESO. The first is that rubber bands
lose energy during the extension and retraction process. Since energy is limited in the
ESO device and comes from the user’s quadriceps, minimal energy loss is important to
prevent muscle fatigue. Another issue is that all rubber bands wear out faster than other
components. This will lead to inadequate performance towards the end of the rubber
bands life when they get stretched out. To resolve this issue the rubber bands will need to

be frequently replaced.

Wrap spring brakes (WSB)
Wrap spring brakes were used for the braking system in the ESO design. These

components allow rotation in one direction while the wrap spring is locked. As the knee
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and hip is extended the wrap spring brake prevents the joint from rotating in the opposite
direction. Once full extension was reached the joint was locked in place decreasing the
muscle fatigue of holding the knee at extension. If the wrap spring was unlocked the joint
could rotate freely in both directions. An additional advantage of the braking system was
collapse prevention. As long as the wrap spring was locked the braking system prevented
collapse, even if the device experiences a power failure because the wrap spring power
off position is locked. Wrap spring brakes have high torque to weight and torque to

power ratios.
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B Leg Kinematics

Appendix

Segment Center of Mass/ Radius of Gyration/
Weight/ Total Segment Length Segment Length
Segment Definition Body Weight Proximal Distal C of G Proximal Distal Density
Hand Wrist axis/muckle 11 middle finger 0.006 M 0506 0494 P 0297 O3B7 O037T7TM LI6
Forearm Ebow axisfulnar styloid o0leM 0430 0570P 0303 0526 0647TM L13
Upper arm Glenchumeral axisfelbow axis 0028 M 0436 0564F 0322 0542 0645M 107
Forearm and hand Hbow axisfulnar styloid 0022 M 0682 O031EP 0468 087 0565F L4
Total arm Glenchumeral joimt/ulnar styloid 0050 M 0530 0470F 0368 0645 0596F L1
Foot Lateral malleclus/head metatarsal 11 00145 M 050  OS0P 0475 0620 0690P LID
Leg Femoml condyles/medial malleolus 00465 M 0433 O0567P 0302 0328 0643 M 109
Thigh Greater tmchanter/fernoral condyles G100 M 0433 0567PFP 0323 050 0653IM 105
Foot and leg Fernoml condylesfmedial malleolus 061 M 0606 039 P 0416 0735 0572P LS
Total leg Greater trochanter/medial malleolus 0161 M 0447 0553F 0326 0560 O0650F 106
Head and neck C7-T1 and 1st ribfear canal 0081 M 1M} —PC 0495 0116 —PFC LI
Shoulder mass Sternoclavicular joinvglenchumeral axis —_ 0712 D2EB —_ _ _ L4
Thorax C7-TNTI12-LI and diaphmgm* 0.216 PC 082 018 - — - 092
Abdomen TI2-LI/L4-15* 013 LC 044 056 — — — —
Pelvis Ld—L5/greater trochaner® 0142 LC 0105 0895 — — — —
Thorax and abdomen C7-TI/LA-L5* 0,355 LC 063 037 - — — —
Abdomen and pelvis T12-L1greater trochanter® 0.281 PC 027 073 - — — 1.01
Trunk Greater trochanter/glenchumeral joint*® 0497 M 50 050 —_ —_ —_ L03
Trunk head neck Greater tmchanter/glenchumeral joint® 0578 MC 066 034P 0503 0B 0607 M —_
Head, arms, and Greater trochanter/glenchumenl joint* 0678 MC 0626 O03I74PC 0496 0798 0621 PC —
trunk (HAT)

HAT Greater trochanter/mid rib 0678 1.142 — 0903 1456 — —
"NOTE: These segments are presented relative to the length betwesn the greater h and the glenoh 1 joint.

Sounce Codes: M, Dempser via Miller and MNelson; Biomechanics of Sport, Lea and Febiger, Philadelphia, 1973, P, Dempster via Plagenhoef; Parrerns af
Huvmair Motion, Prentice-Hall, Inc. Englewood QlifTs, NI, 1971, L, Dempster via Plagenhoel from living subjects; Parterns of Hunmar Motion, Premice-Hall,

Inc., Englewood Cliffs, NI, 1971, C, Caleulated,

Figure Appendix B.1 Anthropometric data, reprinted from [30]. This is used to define leg kinematics

and component characteristics for the ESO design.
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Appendix C Wave vs. Coil Springs

Wave springs were a potential replacement to conventional coil springs for the

ESO. Wave spring manufacturers boast that the wave design reduces the vertical space
needed in applications by up to 50%. This is the case because the compressed height of
wave springs is less than the compressed height of coil springs for the same load and
displacement. Wave springs are available in a wide variety of sizes and spring rates
which meet the spring requirements of the ESO. Using the spring requirements for the
equilibrium springs of the ESO device a coil spring and wave spring were chosen and
compared. The wave spring had a larger diameter than the coil spring. Wave springs had
to be stacked for required spring displacement and rate, so they are not much shorter than
coil springs. This is due to the needed stroke length of the spring to move the hip and
knee joints to the proper angles. For the ESO application the vertical space will not be
reduced by 50%, but more like 20% by wave springs. More vertical space is available,
parallel to the thigh, than radial space, and the wave spring was 0.3 inches larger in
diameter than the coil spring. The major factor in the design was the weight of the device.
The wave spring websites claim that the wave springs reduce the weight of the
component by up to 50%. No information could be found to support this, as the weights

of the springs are not provided. Analysis was completed to determine if the wave springs
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weigh less, but still have the same force output. This was completed by calculating the

energy density of wave and coil springs for different spring rates (Figure Appendix C.1).
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Figure Appendix C.1 - Spring energy density as a function of spring rate

Findings show that wave springs do not actually have a higher energy density than coil
springs. Even some of the coil springs with similar spring rates have significantly higher
energy densities. This indicates that coil springs would be a better option than wave

springs for the energy storage components.
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Appendix D Wrap Spring Brakes

D.1 Wrap Spring Unlocking Data

This section determines and measures the tension force needed to unlock the wrap spring
used in the ESO device. This data will show the required displacement and tension force
needed to unlock the control tang. Using this data a mechanical locking/unlocking device

can be designed.

The equipment needed for testing was a force gage, ruler, and wrap spring. Wagner
Instruments Force Five handheld digital force gage was used as the force gage. The wrap

spring tested is the wrap spring used in the ESO device.

Measurements for the wrap spring control tang tension force were taken by starting the
wrap spring in locked position. Then the wrap spring control tang was actuated at 0.5 cm
intervals using the ruler and the tension force recorded by the force gage until the control

tang was actuated 2.5 cm. Three trials were performed.

To measure the displacement to unlock the wrap spring the control tang was displaced in
millimeter increments. At each increment a force was applied to the leg segment seeing if
the joint had unlocked. The displacement causing the joint to unlock was then recorded in

millimeters. This was repeated for three trials.
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Figure Appendix D.1 - Wrap spring unlocking data. The solid line is the tension force needed to
displace the wrap spring control tang. The dotted line represents the displacement needed to

completely unlock the wrap spring.

Figure Appendix D.1 shows the data collected for the wrap spring control tang unlocking.
As the control tang on the wrap spring was pulled the tension force increases relatively

linearly. The control tang was displaced to a value of 2.5 cm. The maximum tension force

that was measured was 16.5 N.

The other set of data that was collected was the displacement needed to unlock the wrap
spring. The dotted line (Figure Appendix D.1) represents the needed displacement of the
wrap spring control tang to unlock the joints. 3 millimeters was the displacement needed

to unlock the wrap spring. The resulting force was 3.3 N.
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Based on the data collected a displacement distance to unlock the wrap spring control
tang was defined. To ensure that the tang will be completely unlocked every time in the
actual device the displacement of the tang was increased. This will add an additional
safety factor to the make sure the wrap spring is unlocked during operation. A
displacement of 0.5 cm will suffice for this wrap spring application. The resulting force

was 4.9 N.

Knowing the values of the displacement and tension force of the study, a mechanical
actuation mechanism was designed. The goal of the mechanism was to toggle the wrap
spring between the locked and unlocked positions, while using the least amount of energy
as possible. If possible the unlocking energy source should be shut off to conserve energy
in the unlocked position, since the wrap spring is required to stay in this position for
some time. Possible control tang actuation devices could be solenoids, linkages, or

motors.

D.2 Servo Motor Analysis

The section uses data about the unlocking of the ESO wrap spring to select a servo motor
to lock and unlock the wrap spring brake. The study explores the servo motor angle of
travel, the motor arm length, the servo motor torque and the actuation time to unlock the
wrap spring. By exploring this information a suitable servo motor was selected for the

ESO joint locking/unlocking device.
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The analysis of the servo motor was completed using Matlab software. A servo motor can
be actuated to a maximum angle of 180 degrees. The program used equations over the
motor angle of travel and plotted the data of interest for a specific displacement of the
wrap spring unlocking control tang. For this analysis the tang displacement was set to 0.5
cm. From this data a proper servo motor was selected, and the motor arm length and

angle of travel were specified.

First the displacement of the control tang was defined in the program. After this a range
of the motor angle of travel was set; in this case ranging from 20 degrees of travel to 180
degrees. Then the motor arm length was defined over the range of travel and

plotted. Next the motor torque to unlock the wrap spring for each case was found using
previous unlocking force data. These torque results were also plotted against the different
angles of travel. Then a servo motor was selected that met the torque requirements. Last
the actuation time was calculated based on the motor specifications. For this analysis the

Hitec HS-35HD nano servo motor was selected because of its small size and weight.
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Figure Appendix D.2 - Motor arm length vs. motor angle of travel

Figure Appendix D.2 shows the data collected for the servo motor arm length. As the
motor angle of travel goes from 100 degrees to 180 degrees the length does not change
significantly, and was around 0.1 in. The length decreases exponentially before this range

and the maximum motor arm was 0.55 in. at 20 degrees of travel.
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Figure Appendix D.3 - Needed motor torque vs. motor angle of travel

Figure Appendix D.3 shows the data collected for the needed servo motor torque. As the
angle of travel goes from 100 degrees to 180 degrees the torque does not change
significantly. The torque was approximately 1 oz-in. Before this the torque decreases
drastically as the angle of travel was increased. The max torque occurred at 20 degrees of

travel and had a value of 7 oz-in.
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Figure Appendix D.4 - Control tang actuation vs. motor angle of travel

Figure Appendix D.4 shows the data collected for the actuation time of the servo motor
selected. As the angle of travel was increased for the servo motor the actuation time
increased linearly. The least amount of actuation time occurred at 20 degrees of travel,
and it was 0.04 seconds. The maximum actuation time, which is not desired, occurred at

180 degrees of travel with a value of 0.3 seconds.

Based on the data collected a suitable servo motor was selected for the ESO application
and the variable of interest, the actuation time, was found. When picking a servo motor
the important factor is whether the motor can meet the desired torque for any of the

angles of travel.
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For the ESO application a realistic servo motor angle of travel to achieve the fastest
actuation time was around 60 degrees. Also the angle of travel does not want to be so
small that the arm length is significant and impacts the packaging and size of the joint
wrap spring brake system. Defining this angle of travel the actuation time was 0.1
seconds. The torque at this location was 2.2 0z-in, and the motor arm length was 0.2

in. This means that the Hitec servo motor will suffice for the ESO application.
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Appendix E Bill of Materials

Table Appendix E.1 is the bill of materials of the ESO prototype used for bench-top

testing.

Table Appendix E.1 - ESO prototype bill of materials
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[Descrip ton (Quantity [Cost  [Total
& Inrainrn 5061-T6 Bare Drawn Tube 375" 0.049" 0.277", 60" Length 1] $1535] $1575
i Inrairmn $061-T511 Bare Extruded Roumd p.5", 36" Length 1] $297] $1872
& Inrairn 6061-TE511 Bare Extruded Rectangle P.5"x 2", 38" Length 1] $1587] $34.59
5 ure-Grip Cushioned Loop Clarp, & luminurm 375" Dia. Pack of 5 1] $5.53] $40.12
[Two-Piece Clamp-on Shaft Collay, &luminurn D.375" Dia. 10| $42.50] $82.42
HighlyConosion Resistant 6063 &lurainur Square Tube D.125" 075" 0.75", 36" Length 1] $7.29] $96.51
[#hite Dielrin Rod B"Dia, 12" Length 1] $16.69] $113.20
[Plastic Donare] Pin D.25" Dia., 0.75" Length Pack of 50 1] $337] $116.57
ko Steel Diowel Pin D.25" Dia., 0.75" Length Pack of 25 1] $5.24 $12151
[ elero Velstretch Strap Lx27 in 2-pack black 4 $2396] $144.77
IConstant-Force 5 prings 3| $55.74] $200.51
[FTFECIl-Lubricated S4E84] Bronze Flanged Sleeve Bearings 10 $15.20{ $21571
W llorSteel Socket Head Cap Screws 1| $7.58 $233.29
la Do Steel FlatHead Socket Cap Screws 1] $8.20] $231.58
15EDPIST & Jurniroarn & Tloy Crear R4D.P., 45 Teeth, 20° Pressure Angle &GS 010 Cuality 2] $61.72] $29330]




Appendix F SimMechanics

F.1 SimMechanics Overview

SimMechanics was the tool used to perform dynamic simulations for the ESO concept.
SimMechanics is a Matlab Simulink software package with capabilities of constructing
mechanical systems and performing analysis. For this project three separate models were
created in SimMechanics. These three models were intended to simulate ESO phases of

gait.

F.2 Models

The first model was for the knee extension simulation. This SimMechanics block
diagram is in Figure Appendix F.1. The solid models (linkages) of the simulation are the
bigger boxes with connections for components labeled pivot_mount, thigh_link and
foot_link. For these linkages dimensions and weights based on the center of gravity of the
legs were specified. The hip and knee joints were modeled as revolute joints labeled
Revolute Joint and Revolute Jointl. Within these joints an initial starting position of the
joints was defined for the simulation. Also the allowable joint actuation angles were
specified in the block diagram Rotational Hard Stop. During the simulation the parameter
of interest was the joint angle with respect to time. To collect this data a scope block was
set-up at both the hip and the knee joints. The spring forces in the simulations were

represented as internal force members. They are labeled as TSpring and KESpring. A
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constant spring force of 107 N was input into the internal force blocks for the constant
force spring force. For the knee extension simulation an external force was introduced
into the system by a block called a Signal Builder, and this simulates the quadriceps

torque entering the system.
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Figure Appendix F.1 - Simulation block diagram for knee extension

The next simulation block diagram is shown in Figure Appendix F.2. This was the block
diagram for the hip extension simulation. In this simulation the lengths and mass of the
linkages were altered to match the parameters of the whole leg and HAT segments. The
joint starting positions and actuation limits were also changed to match hip extension
characteristics. Two scopes were used for this simulation so the angle position as a

function of time was found for both joints.
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Figure Appendix F.2 - Simulation block diagram for hip extension

The third simulation block diagram is shown in Figure Appendix F.3 and was for the
return to equilibrium position simulation. Solid body members for this simulation include
the thigh segment, shin segment and the foot. Data was collected for the joint angles of
the hip and knee as a function of time. The hip equilibrium and knee equilibrium spring
force was implemented into the simulation to return the simulation linkages back to the
equilibrium position. Simulation videos can be seen in the simulation viewer in Matlab to

clarify if the simulation video was acting as expected.
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Figure Appendix F.3 - Simulation block diagram for hip and knee return to equilibrium

F.3 Additional Information and Documentation

Additional information about SimMechanics can be found on the Mathworks website

(http://lwww.mathworks.com/). On this website tutorials and web chat chains were found

to gain a better understanding of the many capabilities of SimMechanics.

F.4 Tutorials

Several tutorials were helpful in the completion of the ESO simulations.

1. http://www.mathworks.com/help/physmod/sm/mech/gs/what-you-can-do-with-
simmechanics-software.html

2. http://www.mathworks.com/help/physmod/sm/ref/externalforceandtorque.html

3. http://www.mathworks.com/help/physmod/sm/ref/internalforce.html

4. http://www.mathworks.com/help/physmod/sm/ug/sense-double-pendulum-
motion.html

5. http://www.mathworks.com/help/physmod/sm/ug/model-double-pendulum.html
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. http://www.mathworks.com/help/physmod/sm/ug/model-binary-link.html

. http://www.mathwaorks.com/help/physmod/sm/ug/model-pivot-mount.html

. http://www.mathworks.com/help/physmod/sm/ug/represent-binary-link-frame-

tree.html

86


http://www.mathworks.com/help/physmod/sm/ug/model-binary-link.html
http://www.mathworks.com/help/physmod/sm/ug/model-pivot-mount.html
http://www.mathworks.com/help/physmod/sm/ug/represent-binary-link-frame-tree.html
http://www.mathworks.com/help/physmod/sm/ug/represent-binary-link-frame-tree.html

Appendix G Motion Capture System

The motion capture system used to test the prototype of the ESO had three main
components that are explained. Figure Appendix G.1 was the first component needed for
the motion capture system and it is the camera. The camera that was used is the Basler
Scout camera. This camera was mounted on a tripod with the proper field of view to
prevent prototype distortion in the video. An Ethernet cord connected the camera to the

computer where video recording software captured testing video.

Figure Appendix G.1 - Basler Scout camera, reprinted from http://www.baslerweb.com/

The next component was the video recording software. This software is called Pylon
Viewer and has many recording capabilities. The software interface is in Figure
Appendix G.2. The first step was to recognize the camera by the computer. This involved
steps that would be similar to selecting an Ethernet internet and entering the 1.P. address.

Once the camera was selected the field of view was shown by clicking the continuous
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button on the top interface bar. This helped align the prototype in the camera field of
view for testing. To start recording video the red record button was clicked. Another
screen popped up where video recording parameters were set. Parameters included the
number of frames per second and the video recording time. After record was pressed the
prototype testing was started. When the video time had concluded the software stopped
the recording on its own and automatically saved the video as an .avi file. The file was
viewed to see if the testing looked as intended. Multiple videos can be taken for multiple
tests and the program will keep saving new files. Pylon Viewer software information was

found at http://www.baslerweb.com/feedback/pylon-Stoerer-106621.html.

Figure Appendix G.2 - Pylon viewer software interface
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After the video files were created they were opened in software for motion analysis. This
software was MaxTRAQ (Innovision). Free trials of this software were found at

http://www.innovision-systems.com/home.html. The interface of the software is shown in

Figure Appendix G.3. The video files of interest were opened and analyzed in
MaxTRAQ. The software works by recognizing retro reflective points of interest on the
prototype. The points were defined in the right column by clicking digitize and clicking
through where the points are located. Then auto track was selected and when the video is
played the software will track the retro reflective points. Sometimes the software lost a
point and stopped, and the point had to be selected manually. After the points had been
defined in the entire video, analysis was completed. The interest of this dynamic analysis
was the prototype joint angles as a function of time. An angle between points was defined
in the software. Three points were selected to define an angle, for this case the hip and
knee joints. This data was saved to an ASCII file and imported into excel, where the data
was plotted as a function of time. A helpful tutorial video for MaxTRAQ was found at

http://www.innovision-

systems.com/Tours/MaxTRAQ MaxMATE/MaxTRAQ MaxMATE.htm.
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Figure Appendix G.3 - MaxTRAQ software interface
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Appendix H ESO Prototype Weight Reduction

The mass of the preliminary thigh prototype was 2.33 kg. Although this was below the
requirement for the ESO, weight can be reduced in two areas. The first is with the gears
used in the hip joint wrap spring brake. These gears only actuate between the hip joint
angles of -10 to 25 degrees, so all the other gear teeth will never mesh. Therefore this part
of the gear can be removed while still allowing material for mounting on the shaft. Also
additional weight can be removed by drilling holes in the remaining part of the gear as

long as enough material is left for the needed part strength.

The second area where weight can be reduced in the ESO is in the constant force springs.
The constant force springs have an available stroke length of 52 in. For the ESO an
average stroke length of 4 in. is needed for the three springs. Since these are made from
stainless steel, significant weight can be reduced by removing the unneeded stroke length

of the constant force springs.
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