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Abstract

The focus of this thesis is on the design, development, and evaluation of a lightweight,

exotendon suit for load carriage. The suit is intended to be worn underneath the wearer's own

clothes for use in a military setting, while reducing the energy expenditure of the wearer. A
simple exotendon suit architecture was designed and implemented, consisting of two knee

braces, a length of polypropylene tendon, a belt, two electro-magnet clutches, and a control box.

The electro-magnet clutches are mounted at the waist and tendons are used to apply the

actuator's force to the wearer's ankles. This is advantageous, as many current exoskeletons

mount actuators at the ankles, requiring a greater amount of additional energy expenditure.

Testing was performed at the Wyss Institute for Biologically Inspired Engineering Motion

Capture Laboratory. Metabolic power was tested using a COSMED K4b2 system and surface

electromyogram (sEMG) data was collected using a Delsys Trigno system. Five male subjects

participated in six trials, walking on a treadmill at 1.25 m/s, carrying a 20 kg load in a standard
military rucksack. The six trials consisted of three conditions: street clothes, exosuit worn but

unpowered (passive), and exosuit word and powered (active). Results of the tests were

inconclusive. There was no significant evidence that powering the exosuit has a positive or

negative effect on the wearer's energy usage.

Thesis Supervisor: Sangbae Kim
Title: Assistant Professor of Mechanical Engineering
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1 Introduction

The applications for lower body exoskeletons in the world today are endless. Exoskeletons have

the capacity to help users ranging from patients with lower-extremity impairments and elderly

patients with movement restrictions, to able-bodied adults, such as military soldiers carrying

heavy rucksacks. Research on powered human exoskeletons has been growing in the past

several years and current exoskeletons can now help with load carriage" 2 and augment joints for

injured or elderly users.3'4 For the most part, the existing exoskeletons require a significant

amount of power to apply large torques to joints and are heavy and rigid to support large loads.5

For many exoskeleton applications, the primary goal is to reduce energy expenditure of the user.

However, only recently have researchers begun to study the metabolic effects of exoskeletons.

Starting with Norris 6 in 2007, and later with Sawicki7 and Lenzi8 , researchers have been

designing and building powered exoskeletons for the lower body in hopes of reducing the

metabolic energy usage of the user. These groups have managed to demonstrate a lowered

metabolic cost of walking with the powered exoskeleton when compared to wearing the

exoskeleton unpowered, but not compared to walking without the exoskeleton at all. These

systems add weight to the users' extremities, significantly increasing the metabolic energy that

needs to be overcome by the exoskeleton.9 As of today, Sawicki's system is the only known

exosytem to reduce metabolic energy usage to below that of walking without the exoskeleton,

yet only for specific conditions of constrained step frequency, length, and speed.'(

The goal of the research in this thesis is the development of a light, soft exotendon suit for lower

body assistance for able-bodied adults carrying load, particularly in a military setting. This

exotendon suit should reduce the metabolic cost to the wearer, while requiring a lower amount of

15



power. The strategy employed in this project involves the placement of actuators at the waist as

opposed to the ankle, to minimize the weight at the ankle. The actuation is transmitted to the

ankle via tendons that traverse the legs, from where the name "exotendon suit" is derived. This

approach contrasts greatly those of the systems mentioned earlier with bulky exoskeletons at the

ankle. Without the additional mass at the ankles, less additional metabolic energy needs to be

overcome to reduce metabolic energy to that to walking without the exotendon suit.

This project is part of a larger Defense Advanced Research Projects Agency (DARPA) Warrior

Web Program, focusing on the development of a low-power undersuit to increase endurance and

carriage capacity, and reduce injury.

This thesis focuses on the design, development, and evaluation of the exotendon suit for load

carriage. Specifically, Chapter 2 describes architecture of the suit, as well as the design and

fabrication of the various components that compose the exosuit. Chapter 3 outlines the

experimental design, data analysis and results. Metabolic power and EMG data were used to

evaluate the suite. Finally Chapter 4 summarizes the conclusions from the thesis and describes

possibilities for future work.
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2 Exotendon Suit Design and Fabrication

2.1 Suit Architecture

The exotendon suit was designed to be flexible and lightweight, as to not impede the movement

of the wearer, the eventual goal being to be worn underneath the wearer's own clothes. Very

few rigid components were involved. As the suit is intended for military use, it is designed to be

work with combat boots and a rucksack. In addition to the boots and rucksack, the wearer dons

clutch actuators, mounted to a belt, and flexible knee wraps, as shown in Figure 2.1.

Polypropylene webbing is used as a tendon, spanning the wearer's legs from the clutches to the

boots, routed through the knee wraps.

Rucksack

Clutch Actuators

Tendons

Knee Routers

Boots

Figure 2.1 Concept drawing of poly-articular exotendon suit.
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Using sensors placed within the boots, a microcontroller mounted within the rucksack selectively

activates the clutches as the wearer walks to create tension on the tendon, and apply torques to

the knee and ankle joint. The wiring and control is further explained in Chapter 2.7.

2.2 Tendon Routing and Knee Joint

The torque applied to the knee by the tension in the tendons varies depending on the tendon

routing. The distance from the center of the knee joint that the tendon passes is the radius, and

as the radial distance from the center of the knee joint increases, a greater torque is applied to the

knee. Two configurations were tested, the full radius of the knee (Figure 2.2a) and a radius of

zero (Figure 2.2b).

a) b)

r=R r=O

Figure 2.2 Knee routing configurations tested, full knee radius (a), and no radius (b).
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Users determined that a torque applied at the full radius of the knee, as in Figure 2.2a was

uncomfortable and felt unnatural. A radius of zero was used during the experiments. This zero

radius was achieved by sewing sleeves for the tendon on a flexible neoprene knee wrap, as

shown in Figure 2.3. The sleeves are sufficiently wide enough to allow the tendon to slide freely

along the length of the leg, but do not shift much radially, keeping the tendons at a radius of zero.

Figure 2.3 Sleeves were sown into a neoprene knee wrap to allow the tendons to slide.

The knee wrap is adjustable to allow for wearers of different sizes. Plastic fittings along the

tendons allowed for the length of the tendons to be adjusted for the height of the wearer. The

tendons interface with the clutches through the use of buckles, so the suit can be easily donned

and doffed.

19



2.3 Clutch Design

The function of the clutch in the exotendon suit is to selectively apply tension to the tendons

traversing the user's legs. While the clutch is not activated, the tendon needs to be free to extend

under tension, and otherwise retract and when activated, the clutch needs to brake and lock the

tendon. A clock-spring design, similar to that of a tape measure, was implemented in order to

allow for the tendon to retract. Electro-permanent magnets and electro-magnets were both

considered as actuation methods for the clutch.

2.3.1 Electro-Permanent Magnet

An electro-permanent magnet (EPM) is made up of a magnet with a high coercivity and a

magnet core with a low coercivity, encased in a coil and a steel shell as shown in Figure 2.4. In

the case proposed, Neodynium-Iron-Boron (NIB) and Aluminum-Nickel-Cobalt (Alnico) were to

be used as magnets of high and low coercivity, respectively. The NIB and Alnico magnets are

aligned in parallel and a coil is wound around them. When a pulse of current is applied to the

coils, the magnetic field created is great enough to switch the magnetization direction of the

Alnico magnet, but not of the NIB magnet due to its higher coercivity.

Alnico

NIB

Coil

Steel

Figure 2.4 A cross section of an EPM. A copper coil is wound around an Alnico and NIB magnet core. Steel

comprises the shell.
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Figure 2.5 illustrates the two states of the EPM. The EPM is in the on state when the two

magnets and their fluxes are aligned within the EPM. The magnetic flux then travels through an

adjacent ferromagnetic surface and the surface is attracted to the magnet. The EPM is in the off

state when the two magnets and their fluxes are oppositely aligned. In this case, the magnetic

flux circulates with the EPM and not through an adjacent ferromagnetic surface."

ON OFF

Figure 2.5 The on and off states of an EPM. A pulse of current through a coil can reverse the polarization of the

Alnico magnet, changing the state of the EPM.

While the EPM is in either state, power is not consumed. Power is only consumed during the

transition period between states when a pulse of current is used to switch the polarity of the

Alnico magnet. For this reason, EPMs have the potential for being a very low powered solution

for many applications. However, the frequency at which the EPMs would need to switch state

for application in human walking is too high for efficient use. Applying a pulse of current
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through the coil great enough to change the polarity of the Alnico magnet involves the charging

and discharging of a large capacitor. Designing a circuit to charge and discharge a large

capacitor at the frequency required for human walking was out of the scope of this thesis. For

this reason, an electro-magnet clutch was prototyped.

2.3.2 Electro-Magnet Clutch

In an electro-magnet, a sustained current through a coil magnetizes an iron core, attracting a

ferromagnetic surface. Unlike an EPM, an electro-magnet consumes power while in the on state.

The first clutch prototypes were designed and fabricated using the off-the-shelf rotary electro-

magnet clutch shown in Figure 2.6.

Figure 2.6 The OTS rotary electro-magnet clutch used in the first prototyped clutches. Specifications are included

in the Appendix.'"

These OTS electro-magnet clutches have a holding torque of 9 Nm and use about 8 W of power.

Power-On clutches were selected to ensure safety for the user. In the case of a broken

connection, the clutches release and should not impede the subject.
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2.4 Clock-Spring

The clock-spring was designed to support the weight of the tendon, estimated to be about I kg,

as to be able to keep the tendon taut while the clutch is not activated. The torque, T, delivered by

a clock-spring can be calculated with the equation:

88B8f 23
45,

Equation 2.1

where E is the Young's modulus of the spring, b is the width of the material, t is the material

thickness, 89s the desired angular rotation in revolutions, and L is the length of material,

illustrated in Figure 2.7. Using 0.35 mm thick and 12.7 mm wide spring steel, and a full rotation,

the length of material required to provide a torque to support 1 kg at a 20 mm radius was about

200 mm. A cross-section of the clutch with the fabricated clock-spring is shown in section 2.5 in

Figure 2.9.

Ot

moo.

Figure 2.7 Labeled diagram of a clock-spring, illustrating the width, b, and the thickness, 1.13
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2.5 Full Clutch Design

The OTS electro-magnet clutch used consists of two components, a stationary component

housing the coil, and a mating rotational part shown in Figure 2.8 in red and blue respectively.

In order for the clutch to work as intended, the inner radius of the clock-spring needs to be

rigidly attached to the stationary component of the OTS electro-magnet clutch, while the outer

radius of the clock-spring needs to be rigidly attached to the mating rotational part. This way, as

the mating part rotates, the clock-spring works to restore it to an original position.

This was accomplished by rigidly attaching the stationary component of the OTS electro-magnet

clutch and an aluminum shaft (yellow in Figure 2.8) to a base plate to ensure that the shaft and

clutch are stationary relative to each other. The mating clutch component is a mounted on the

shaft via a sleeve bearing, allowing the mating component to rotate relative to the shaft and

stationary component. A sheath was 3D-printed to mount to the mating component, shown as

pink in Figure 2.8. The clock-spring is installed within the sheath (space outlined in light blue in

Figure 2.8), with the inner radius attached to the aluminum shaft, and the outer radius attached to

the 3D-printed sheath. The tendon is then wrapped around outside of the sheath. A spring

washer is included on the aluminum shaft in between the stationary and rotational components of

the OTS electro-magnet clutch. This spring washer is strong enough to keep the two components

separated when the clutch is off for minimum friction, but weak enough to be compressed when

the clutch is on and allow for the normal force between the two components to create a large

holding torque.

24



Spring Washer

Figure 2.8 Cross-section of OTS clutch unit. The stationary component of the OTS clutch is shown in red, and the

mating rotational component is shown in blue.

While the clutch is off, when the tendon is pulled and extended, the sheath and rotational mating

component rotate relative to the stationary component and aluminum shaft. When the tendon is

released, the clock-spring returns to its original position, retracting the extended tendon.

Activating the clutch locks the rotational mating component and tendon wherever they are.

Pulleys are used to translate the rotation of the mating component to a potentiometer, which

could be used to measure the extension of the tendon. The fabricated prototype and clock-spring

are shown in Figure 2.9.
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Figure 2.9 Close up image of the fabricated OTS clutch unit, and a cross-section showing the clock spring within.

2.6 Electro-Magnet Cone-Clutch Prototype

A second design and prototype for an electro-magnet clutch was attempted. The purpose of this

prototype was to create a smaller electro-magnetic clutch than the OTS electro-magnet clutch

through the use of a cone-clutch geometry. The interaction of a cup and cone in a cone-clutch

yields a greater holding torque than the interaction of two plates for the same normal force. A

cone-clutch diagram and its variables are shown in Figure 2.10.
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D
FN

Figure 2.10 Schematic of a cone-clutch and the cup (left) and cone (right) interaction.

The holding torque, T, created by a cone-clutch is determined with the following expression 14:

8888 . . . Equation 2.2

where p is the coefficient of friction, FN is the normal force between the cup and cone, D is the

outer diameter of the cone, d is the inner diameter of the cone, and Bs the angle of the cone.

In this design, the cone is the electro-magnet and the cup is the mating ferromagnetic surface.

The normal force within the cone-clutch is created by the electro-magnet. Finite Element

Method Magnetics (FEMM) was used to design the electro magnet. Figure 2.11 shows the

FEMM analysis of the proposed electro-magnet. The force the electro-magnetic cone applies on

the cup is about 245 N, which translates to a holding torque of about 4.25 Nm.
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Axis

Cup

Coil

Cone

Cross Sectional View
1.342e+000: >1.412&+000
1.271*000 : 1.342e+000
12000+000: 1.271e+000
1.130e4000 1.2000+000
10590+000: L130e+000
9.896e-001 : .05904000
9.1800-01 9.8860-001
4.4740-01 : 9.1800-001
7.76860W: &4740-001
7M02*-001 : 7.76ft-001
63560-001: 7.062*-00
5.650&-001 6.356.-001
4.943&-001 5.650e-001
4.2370-001 :4.943e-001
3.S31*001 :4.237*-001
2.825e-001 : 3.531.401
2.119e-001 : 2.825t-001
1413.-001 : 2119e-001
7.065e002 : L4130-001
<3.161e-C : 7.0650-002

Oonfy Plot: li. Too&

R =21.75mm

Figure 2.11 FEMM of cross section of designed electro-magnet. The normal force in this model is about 245 N,

which yields a holding torque of about 4.25 Nm.

The design of the clutch unit is similar to that of the OTS electro-magnet clutch and is shown in

Figure 2.12. The cone (red) and axis (yellow) are stationary, and the cup and sheath (blue and

cyan) are allowed to rotate. The clock-spring within the sheath applies a restorative force on the

cup sheath. When the electro-magnet is operated, the cup and sheath can no longer rotate and

are locked.
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50mm

Pulleys and belt

Clock Spring
(not pictured)

67mm

Figure 2.12 Cross-section of electro-magnet cone-clutch unit. The stationary component of the clutch is shown in

red, and the mating rotational component is shown in blue.

A fabricated electro-magnet cone-clutch is shown in Figure 2.13 and a fabricated cone-clutch

unit is shown in Figure 2.14.

Figure 2.13 Fabricated electro-magnet cone-clutch. The electro-magnetic cone is on the left, and the mating cup is

on the right.
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Figure 2.14 Assembled cone-clutch unit. When pulled, the tendon unwraps, but when the tension is removed, the
tendon is retracted.

Testing of the electro-magnet cone-clutch yielded a holding torque of about 1 Nm, a quarter of

the expected 4.25 Nm. The holding torque achieved in a cone clutch is highly dependent on the

surface finish of the mating surfaces. Due to the manufacturing process (turning the surfaces on

a manual lathe), the mating surfaces were not smooth enough to ensure the proper contact.

Future prototypes could be improved by turning the components on a CNC lathe.

2.7 Wiring and Control

Footswitches from B & L Engineering (Figure 2.15) are used within the combat boots to sense

when a food is bearing weight. Each footswitch has 4 sensors built in, a sensor at the heel, at the

1s' and 5,h metatarsals, and at the toes, to allow for distinction in weight distribution.
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Figure 2.15 Footswitches from B & L Engineering. Footswitches have sensors at the heel, I' and 5 th metatarsal,

and toes. The connectors used are 5-pin LEMO connectors.' 5

Another researcher in the lab designed and assembled a control box for use with the exotendon

suit, shown in Figure 2.16. The box houses an mbed microcontroller and an XBee wireless

antenna. The controller is written and transmitted to the microcontroller via the terminal

emulator Tera Term. Feedback from the footswitches is used to control the timing of the clutch.

Figure 2.16 Control box housing the mbed microcontroller (Datasheet included in the Appendix).
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The controller is powered by a 9 V battery, and the clutches are powered by two 12 V LiPo

batteries.

2.8 Full Suit

Due to the poor results of the electro-magnet cone-clutch, the OTS electro-magnet clutch was

used during experimental tests with subjects. The full suit and testing setup are shown on a

subject in Figure 2.17. The subject is wearing all of the components of the exo-suit, including

the rucksack and COSMED system, discussed in Chapter 3.

COSMED System

Webbing d

Treadmill

==== Clutches

.. Soft Knee Brace

Figure 2.17 Subject with the exotendon suit and COSMED system donned.
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3 Experimental Design and Results

Testing of the exotendon suit on a Bertec Fully Instrumented Treadmill (Bertec FIT) was

accomplished at the Wyss Institute for Biologically Inspired Engineering's Motion Capture

Laboratory (Figure 3.1). Five novice subjects performed, wearing a pair of military combat

boots and carrying a standard issue MOLLE rucksack (Modular Lightweight Load-carrying

Equipment) with a 20 kg load, both shown in Figure 3.2. Testing for each subject followed

similar protocols, and metabolic power data and surface electromyograms (sEMG) were

collected during testing with a COSMED K4b2 system and a Delsys Trigno system, respectively.

6wIf

Figure 3.1 Bertec FIT treadmill used for the experiments. A safety harness is attached to the rucksack during

testing, and an emergency stop button is at hand for the subject, should he or she ever feel uncomfortable.
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Figure 3.2 An example of a military combat boot and MOLLE pack used by each subject during experimental

testing.

3.1 Protocol

The subjects ranged in age from 23-28, with a mean height of 176.2 cm and a mean weight of

73.3 kg. Every trial was performed at a treadmill speed of 1.25 m/s. Each subject participated in

six trials: two trials in street clothes; two trials with the exosuit donned but unpowered; and two

trials with the exosuit donned and powered.

A sample protocol followed is shown in Table 3.1. Every subject's first and last trials were

done in street clothes. Ideally, metabolic power measurements of the identical first and last trials

should be similar. If the measurements are not similar, all of the metabolic power measurements

need to be adjusted. Subjects wear athletic shorts, combat boots, and carry the rucksack during

these two trials.
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The exosuit is worn during the four middle trials. These trials are any combination of two active

suit trials, and two passive suit trials. Each trial is about 8 minutes long, separated by 5 minute

rest periods.

Table 3.1 A sample protocol used during subject testing at the Wyss Institute

Time
Trial Test Condition (minutes)
1 Street Clothes 8

Rest 5
2 Passive Exosuit 8

Rest 5
3 Active Exosuit 8

Rest 5
4 Active Exosuit 8

Rest 5
5 Passive Exosuit 8

Rest 5
6 Street Clothes 8

A subject performing the experiment is shown in Figures 3.3 and 3.4 from the front and side.

35



Figure 3.3 Front view of subject participating in the experiment.

Figure 3.4 Side view of subject participating in the experiment.
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3.2 Collection and Analysis of Metabolic Power Data

A COSMED K4b2 system (Figure 3.5) is used in every trial to measure pulmonary gas

exchange. This portable metabolic measurement system is worn by the subject. A mask covers

the subject's nose and mouth and a harness is worn to carry the portable system.

K4 b2

Figure 3.5 Portable COSMED K4b2 system and mask worn by subjects during experimental testing.' 6

Energy expenditure can be estimated with the COSMED K4b2 system by measuring pulmonary

gas exchange. In particular, V02 and VCO2 measurements are considered. V02 and VCO2

refer to the rate at which one inhales oxygen and exhales carbon dioxide, respectively. During

load carriage, the volume of oxygen and carbon dioxide exchanged increases and plateaus, as

shown in Figure 3.6.
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Figure 3.6 V02 and VCO2 measurements of a subject during load carriage, taken over a trial about 8 minutes long.

The average values of V02 and VCO2 are taken from a 2 minute segment between the 6 h and 8*' minute for

metabolic power calculations.

Subject trials are 8 minutes to allow for V02 and VCO2 measurements to plateau. A 2 minute

segment of the plateau is averaged and used to calculate metabolic power. For a trial, the

metabolic power is calculated using the following equation, 7

. .. .. . - , Equation 3.1

where V02 and VCO2 are the average V02 and VCO2 measurements over a time period t.

Results and Discussion

To compare results between subjects, the metabolic power is normalized with the subjects'

weights, and repeated trials were averaged. A summary of the results is shown in Table 3.2 and

Figure 3.7.
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Table 3.2 Metabolic power, normalized by weight, for the three conditions tested.

Metabolic Power (W/kg) % Increase from
Street Passive to Active

Subject Clothes Passive Active Conditions
1 N/A 5.90 6.09 3.34
2 6.92 7.34 7.11 -3.13
3 6.80 6.75 6.85 1.42
4 5.63 5.98 5.68 -5.06
5 6.81 7.41 7.11 -4.07

Metabolic Power

* Street Clothes

* Passive

a Active

1 2 3

Subject
4 5

Figure 3.7 Metabolic power, normalized by weight, for the three conditions tested.

The results of these tests do not show a significant effect of activating the exosuit. Metabolic

power results from trials where the suit was powered were within ±5% of the results from trials

where the suit was worn but unpowered. No clear trend is visible. However, only 5 tests were

executed. More subjects and more trials could possible allow a trend to be seen if there is one.
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3.3 Collection and Analysis of Electromyography

Surface electromyogram (sEMG) data was collected during testing with a Delsys Trigno system.

Four sEMG sensors were used on one of each subjects' legs to measure the muscle activation of

the gastrocnemius lateralis, tibialis anterior, bicep femoris, and vastus medialis muscles.

Placement of the sensors is shown in Figure 3.8.

Vastus Medialis
Bicep Femoris

Gastrocnemius Tibialis Anterior
Lateralis

Figure 3.8 Placement of sEMG sensors on a subject's leg.

The sEMG sensors measure the electrical signals that muscles output during activation. For best

results, the skin on which the sensors are placed should be shaved and cleaned, removing dead

skin cells. This yields a lower skin impedance at the points of contact of the electrodes. In this

study, none of the participants opted to have their legs shaved. Figure 3.9 shows a sample raw

EMG recording taken of the gastrocnemius lateralis during this study.
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Raw EMG of Gastrocnemius Lateralis
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Figure 3.9 Raw EMG data gathered from a sEMG sensor on the gastrocnemius lateralis.

Due to the large amount of noise in the raw measurement data, in order to make comparisons

between different trials, the data is normalized and rectified. Because of the random nature of

EMG signals, the data must be digitally smoothed once the data is normalized and rectified. The

most common method of smoothing is by a root mean square (RMS) smoothing algorithm,

which is used in this study.' 8 The RMS smoothing is achieved by calculating the square root of

the mean of the sum of squares of a specified envelope around each point:,,

,B8 ~ Equation 3.2
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For most EMG application, an envelope of 20 - 500 ms is used.' 9 For this study, an envelope of

150 ms was used. Figure 3.10 shows a portion of the data from Figure 3.9 normalized and

rectified in blue, and the result of the smoothing algorithm in red.

Processed EMG of Gastrocnremius Lateralis
0.2

0.16-

0.14 - -

0.12 -Normalized and
.1 -Rectified EMG

oos -RMS Smooth

0.06 -Averaging

0.04

0.02 - - --

0 L.a. LT ime

Figure 3.10 Processed EMG data gathered from a sEMG sensor on the gastrocnemius lateralis. First, the data is

normalized and rectified (blue), then it is smoothed using a RMS smooth averaging algorithm.

The amplitude mean is used to quantitatively compare the EMG measurements of different trials

for the same muscle. The means are calculated during the time periods of muscle activation, as

shown in Figure 3.11. In this study, the calculated means for a two minute period of the trial

(between minutes 6 and 8, as during metabolic power calculations) are averaged and compared.
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Figure 3.11 Processed EMG data gathered from a sEMG sensor on the gastrocnemius lateralis is shown in red. The

mean voltage amplitudes for muscle activations are shown in green.

Results and Discussion

EMG measurements between different muscles and different subjects are not easily compared, so

only relative measurements between passive and active conditions are compared in this study. A

summary of the results is shown in Tables 3.3 - 3.6 and Figures 3.12 - 3.15.
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Table 3.3 Mean EMG values for gastrocnemius lateralis muscles, for the three conditions tested.

E

CO

Mean EMG (mV) % Increase from
Street Passive to Active

Subject Clothes Passive Active Conditions
1 N/A 59.0 59.2 0.364
2 46.8 47.9 48.8 1.71
3 93.3 93.3 77.7 -16.7
4 40.3 44.0 42.2 -4.20
5 78.5 75.8 68.5 -9.70
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Figure 3.12 EMG values for the gastrocnemius lateralis muscles, for the three conditions tested.
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Table 3.4 Mean EMG results for tibialis anterior muscles, for the three conditions tested. The sEMG sensor used

on Subject 1 for the tibialis anterior measurements experienced excessive noise that could not be isolated. The data

from this sensor was not used in the calculations for the results.

Mean EMG (mV) % Increase from
Street Passive to Active

Subject Clothes Passive Active Conditions
I N/A N/A N/A N/A
2 56.7 64.4 59.5 -7.69
3 54.7 53.3 52.2 -1.97
4 53.5 54.9 59.4 8.21
5 93.7 82.7 95.3 15.4

J88~ I

oam -

8W9 -
c

88
88

U

- 1-1-~

2

78112

Figure 3.13 EMG values for the tibialis anterior muscles, for the three conditions tested. The sEMG sensor used on

Subject I for the tibialis anterior measurements experienced excessive noise that could not be isolated. The data

from this sensor was not used in the calculations for the results.

45

ofn



Table 3.5 Mean EMG results for bicep fe moris

Mean EMG (mV) % Increase from
Street Passive to Active

Subject Clothes Passive Active Conditions
1 N/A 48.1 42.7 -11.4
2 26.7 27.3 25.8 -5.59
3 28.6 26.1 25.8 -1.06
4 39.0 39.4 37.9 -3.85
5 82.0 75.7 80.9 6.81
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Figure 3.14 EMG values for the bicep femoris muscles, for the three conditions tested.
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Table 3.6 Mean EMG results for vastus medialis muscles, for the three conditions tested. The sEMG sensor used

on Subject 3 for the vastus medialis measurements experienced excessive noise that could not be isolated. The data

from this sensor was not used in the calculations for the results.

Mean EMG (mV) % Increase from
Street Passive to Active

Subject Clothes Passive Active Conditions
1 N/A 33.6 35.6 6.04
2 43.8 44.1 38.6 -12.6
3 N/A N/A N/A N/A
4 46.4 45.1 44.4 -1.56
5 57.8 54.4 53.3 -1.94
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Figure 3.15 EMG values for the vastus medialis muscles, for the three conditions tested. The sEMG sensor used on

Subject 3 for the vastus medialis measurements experienced excessive noise that could not be isolated. The data

from this sensor was not used in the calculations for the results.
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The results of these tests are highly variable and do not show a significant effect in activation of

the exosuit. Half of the mean EMG amplitude results from trials where the suit was powered

were within ±5% of the results from trials where the suit was worn but unpowered. An

additional 5 of the 18 sets had powered systems within ±10%, while the remaining 4 results are

within ±17%. The results are both positive and negative, with no visible trend.

The sEMG sensor placement was not ideal in many cases, which had an effect on the results

obtained. For some subjects, the sensors on the upper leg would be brushed by the subject's

athletic shorts. This phenomenon made the results from the vastus medialis sEMG sensor on

Subject 3 unusable, and may have also skewed the other results. In addition, none of the subjects

opted to shave patches of their legs to allow for better conductivity between the sEMG electrodes

and the subjects' muscles, so the results were not of the best quality. These factors, and other

possible noise sources, are likely the cause for the highly variable results obtained for the EMG

portion of the experiment.
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4 Conclusions and Future Work

The goal of this thesis was the design, development, and evaluation of a lightweight, exotendon

suit for load carriage.

A simple exotendon suit architecture was designed and implemented, consisting of two knee

braces, a length of polypropylene tendon, a belt, two electro-magnet clutches, and a control box.

The knee radius of the tendon routing was optimized for comfort during testing and off-the-shelf

knee braces were modified for a radius of zero. The soft architecture allows the user to move

freely, as it does not impede the wearer's natural motions. Two actuation strategies were

considered, EPMs and electro-magnets. EPM clutches were dismissed due to complicated power

electronics. Two pairs of electro-magnet clutches were designed and prototyped (OTS clutch

and cone-clutch). The OTS electro-magnet clutches were used during experimental testing due

to their higher holding torques.

Metabolic power testing and EMG data collecting was performed at the Wyss Institute Motion

Capture Lab on five subjects for three different conditions: street clothes, exosuit worn but

unpowered, and exosuit worn and powered. Results of the tests were inconclusive. There was

no significant evidence that powering the exosuit has a positive or negative effect on the

wearer s energy usage.

In order to determine the effect the exotendon suit has on human walking, more testing needs to

be performed. In this round of experiments, five subjects were used. Another round of

experiments with double the subjects would more likely highlight a trend. Another consideration

to take into account while designing further experiments is the effect of learning on human

energy expenditure. In the study of their exoskeleton, Sawicki and Ferris determined that the
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metabolic energy usage measured decreased in users over three sessions on three different

days. 0 This implies that for best results, the subjects should train in at least two sessions before

taking data.

The major result of this thesis is the development of a platform and protocol for future

experiments. Current exoskeleton research involving actuators at the ankle have not been

successful in reducing metabolic energy due to the additional weight to the ankle. More effort is

being put into systems where the actuators are located closer to the torso, minimizing the weight

at the extremities. Wehner shows some promising results with their exosuit, with metabolic

power of the active suit as low as metabolic power used walking without the suit.20 The future of

exoskeletons is headed towards light, flexible, low-power systems, and this thesis is working

towards these new ideals.
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mbed NXP LPC1768
prototyping board

This board, which works with the groundbreaking mbed tool suite -lets you create a functioning
prototype faster than ever. The tightly coupled combination of hardware and software makes
it easy to explore designs quickly, so you can be more adventurous, more inventive, and more
productive.

Features
* Convenient forn-factor- 40-Opn DIP, 0.1-inch pitch

0 Drag-and-drop proamng, with the board represented
as a USS drive

a Best-in-:ass Cotex-M3 haidware
-100 Ml ARM with 64 KB of SRAM,512 KB of Rash
- Ethernet, US8 OTG
* SPI, PC. UART CAN
- GPIO. PWM, ADC, DAC

0 Easy-to-Use online tools
- Web-based CIC+-+ prograrring environment

- Uses the ARM RealView compile engine
- AP-driven development using libraries with intuitive

intefaces,
- Comprehensive help and online community

Benefits
o Get started right away, with nothing to install

0 Get working fast, using high-level APIs

k Explore, test, and demonstrate ideas more effectively
o Write dean, compact code that's easy to modify

I, Log in from anywhere, on Windows, Mac or Linux

The mbed NXP LPCI768 board lets you create prototypes
without havwng to wori with low-level mecrocontroller details,

so you can experiment and iterate faster than ever

Designers compose and compile embedded software using a
browser-based IDE. then download it quicidy and easily,

using a simple drag-and-drop function, to the board's
NXP Cortex-M3 microcontroller LPC1768.

Engineers new to embedded applications can use the board
to prototype real products incorporating microcontrollers,
while experienced engineers can use it to be more productive
in early stages of development The mbed tools are designed

to let you try out new ideas quickly, in much the same way that
an architect uses a pencit and paper to sketch out concepts

before tumning to an advanced CAD program to implement a

design.
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Egegnt simpkity
The mbed tool has been designed for the best trade-off
between versatility and immediate connectivity. The LPC1768.
housed in an LQFP package, is mounted on the mbed board,
which uses a 40-pin DIP with a 01-inch pitchTe cmvenient
form factor works seanlessly with solderiess breadboaids,
stripboards, and PCBs.

There is no software to install - everything, even the compiler.
is onine. The compiler and libraries are completely modular, so
they're easy to use, yet powerful enough to take on complex,
real-world applications-

Atocitd agram of md AP LPCI6 board

Hassle-fre. startup
Getting started is as simple as using a USB Flash drive.
Simply connect the mbed NXP LPC1 768 board to a Windows.
Mac or Linux computer and it will appear as a USS drive.
Follow the link on the board to connect to the rnbed website.
where you can sign up and begin designing. There are no
drivers to install or setup programs to run. It's so easy, in fact,
that you can have a *Helo World!* program running in as little
as five minutes.

Onmm. compiler
The rmbed Compier lets you write programs in C++ and then
compile and download them to run on the mbed NXP LPC1 768
microcontroller. There's no need to run an install or setup
program, since the compiler runs online. Supported browsers
include Intemet Explorer, Firefox, Safari, or Chrome running on
a Windows, Mac, or Linux PC. You can log in from anywhere
and simply pick up where you left off. And, since you're
working with a web-based tool, you can be confident that it's
already configured and will stay up-to-date.

The compiler uses the ARM RealView compile engine,
so it produces clean, efficient code that can be used
free-of-charge, even in production. Existing ARM application
code and middleware can be ported to the LPC1768
microcontrozer, and the nbed tools can be used alongside
other professional production4eve tlas, such as Keil MDK.
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The med Cmier

Priphral braries
The mbed Library provides an API-driven approach to
coding that eliminates much of the low-level work normally
associated with MCU code development. You develop code
using meaningful peripheral abstractions and API calls that are
intuitive and already tested. That frees you up to experiment,
without worrying about the vmplementation of the MCU core
or its peripherals. You can work faster and be more creative,
and can concentrate on exploring and testing the options for
your design.

Rather than simply providing examples. mbed focuses on
reusable library functionality, with dear interfaces and solid
implementations The core mbed Library supports the main
LPC1768 peripherals, and the libraries already contributed by
the mbed design community include USS, TCP/IR and HTTP
support. It's also possible to add third-party and open-source
stacks.

The libraries comply with the ARM EAB1 and are built on the
Cortex Microcontroller Software Interface Standard (CMSIS),
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