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Abstract

Exoskeletal robots can augment human motor abilities in tasks such as walking, lift-

ing heavy objects, and performing therapies after motor impairing illness or injury.

Yet, developing exoskeletal robots that can safely interact with human operators is a

difficult engineering challenge. As a result, many commercially available exoskeletons

are expensive, limiting access to them. Limited access implies limited usefulness,

particularly for motor impaired populations that might benefit from increased vol-

umes of robot-aided therapies. Exosuits simplify exoskeletal robot development by

foregoing the rigid linkages that normally act as a transmission and apply forces

generated by actuators directly to the human body. Removing the rigid linkages

removes components and mass from the robot, reducing cost and some safety con-

cerns. Passive exoskeletons and exotendons further reduce components and simplify

safety considerations using springs and clutches in lieu of electronically controlled

motors and pneumatics. In this thesis, we leverage insights from neuromechanics to

design, build, and test simple assistive devices that aid post-stroke upper extremity

movements and improve running economy.

In the first part of this thesis, we design, build, and test in both unimpaired and

stroke impaired populations novel inflatable exosuit actuators to support shoulder

abduction which can increase reachable workspace area in the unassisted horizontal

plane in stroke survivors. The exosuit actuators, or “exomuscles,” we developed are

pneumatically actuated bladders that push the arm away from the torso when inflated

to support shoulder abduction. We validate that our exomuscles reduce the activity

of shoulder abductor muscles without impeding range of motion in healthy operators

and that they increase reachable workspace area in the unassisted horizontal plane in
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stroke survivors. We provide data demonstrating that some devices might produce

the same effect in healthy operators, but show diverging effects in a stroke popula-

tion – important cautionary data for investigators that primarily validate designs in

healthy operators. We also design, build, and characterize in healthy participants an

inexpensive passive wearable exoskeleton for shoulder abduction support that can be

used for take-home assistance.

In the second part of this thesis, we develop a passive wearable exotendon that

improves healthy human running economy. Our exotendon is constructed of a single

length of natural latex rubber attached to the shoes, and acts as an energy recycling

spring intended to assist the hip muscles in swinging the leg during running. Exo-

tendon use increases the energetically optimal stride frequency of running, allowing

runners to select faster stride frequencies that reduce the mechanical effort required

to redirect the body’s center of mass. This exotendon is a minimally complex, in-

expensive device that also sheds light on some of the behavioral adaptations that

humans employ to make use of wearable assistive devices.

The work presented in this thesis leverages neuromechanical insights to create

wearable, inexpensive devices that aid in post-stroke upper extremity movement and

in healthy human running. In turn, some of these devices led to new neuromechanical

insights. These low-cost, wearable alternatives to existing assistive devices may enable

further discoveries about long-term use of assistive devices and the effects of larger

doses of assisted therapies.
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Chapter 1

Introduction

1.1 Motivation

Producing controlled movement is difficult. Adaptations, both physical and neural,

accrued through millions of years of evolution have resulted in a human body able to

manage challenges such as uncertainty, nonlinearity, nonstationarity, and noise to pro-

duce a diverse set of movements [1]. We can even operate effectively in environments

with dynamics in which humans did not evolve, such as viscous underwater environ-

ments or the reduced gravity of low-earth orbit or the moon. We have made progress

towards understanding the processes involved in producing these controlled move-

ments. Leveraging this understanding, robots can now perform impressive physical

feats such as dynamic jumps [2] and manipulation, even in viscous environments [3].

Despite enormous progress, we still do not understand the processes involved in pro-

ducing controlled movements well enough to automate many tasks.

Though normally exceptional, human movement ability can be impaired by age,

injury, and disease. In particular, stroke, the death of brain tissue due to interrupted

blood supply, is the leading cause of adult disability [4] and the fifth most common

cause of death in the United States [5]. Each year, there are 795,000 strokes in

the United States [5]. Relatively new treatment options, such as tissue plasminogen

activators (TPA) and mechanical thrombectomies, have drastically improved stroke

survival rates. The stark improvement in acute stroke outcomes means that more

1
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than 7 million living Americans have experienced a stroke [5]. The typical stroke

survivor regains about seventy percent of lost motor function [6,7,8]. Even so, eighty

percent of stroke survivors remain disabled enough to interfere with activities of daily

living, with over half of the motor impairments manifesting in the upper limb [9,10].

Luckily, humans are intelligent enough to create tools to augment their abilities.

Tools such as the wheel, fire, aeroplanes, computers, and the internet have all revo-

lutionized human capabilities. Specifically, we have developed tools to help us move

about, such as bicycles and cars, but these tools are not usable in all environments.

We have also developed tools to help those with motor impairments to perform ac-

tivities of daily living, such as wheelchairs. However, humans have designed our

environments around those with no motor impairments. As a result, features de-

signed to facilitate movement, such as stairs, can become major obstacles to those

with motor impairments. Assistive devices that mimic both the form and function

of a human with no motor impairments, such as exoskeletal robots, are likely best

suited to operate in the environments we have designed for ourselves. In this thesis, I

leverage insights from human mechanics to create wearable, low-cost exoskeletal robot

components and analogs. I validate that these devices aid in human movement and

develop models to explain why unexpected human behaviors sometimes arise through

their use.

1.2 Background

In this section, I briefly describe the current state of exoskeletal robots and discuss

efforts to simplify their design and operation to make them more accessible. First,

I discuss some exoskeletal robot applications, design considerations needed to ensure

safety, and the difficult challenge of exoskeletal robot control. I also describe attempts

to simplify the challenge of exoskeletal robot design and construction using soft and

passive components.
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1.2.1 Exoskeletal robots

Exoskeletal robots designed to augment human motor abilities have been in develop-

ment for more than a century, with patents extending back to 1890 [11]. Historically,

exoskeletal robots have been constructed from rigid linkages acting in parallel with

the user’s skeleton. These linkages are attached at various points on the body by

cuffs or straps that transmit forces and torques generated by electric motors or pneu-

matic actuators. However, movement is a difficult problem that humans accomplish

relatively well. To improve on human abilities, exoskeletal robot designers must draw

from a wide range of disciplines including advanced materials, electronics, controls,

mechanics, and neuroscience, challenging exoskeletal robots’ classical form. Common

applications for exoskeletal robots today include:

1. Enhance the operator’s physical abilities. One of the most common ap-

plications for exoskeletal robots is to mechanically augment the physical ca-

pabilities of the operator. Lower extremity exoskeletal robots have focused

primarily on improving economy in walking [12, 13, 14], running [15, 16], or

load carriage [17, 18, 19]. Though reduced locomotion economy translates to

reduced performance [20], whether increased locomotion economy translates to

increased performance has not yet been conclusively shown. Upper extremity

and trunk exoskeletal robots are frequently designed to augment the operator’s

strength [21,22] or to relieve strain due to repetitive task performance in indus-

trial settings [23]. exoskeletal robots also assist movement in motor impaired

populations such as stroke survivors [14, 24, 25, 26, 27] and people with spinal

cord injury [28].

2. Provide haptic feedback for operator training or teleoperation. Due

to their ability to both apply forces and moments and measure variables such a

position, interaction forces, and biological signals from the operator, exoskeletal

robots can be used for kinesthetic haptic communication between the operator

and a mechatronic system. Exoskeletal robots can artificially re-create physical

interaction that can generate feedback to train the operator’s motor skills as in

rehabilitation robots or teaching novel skills [29,30]. Haptic feedback exoskeletal
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robots can also be used to convey information from a teleoperated system to

the physically separated operator [31,32,33,34].

3. Apply controlled perturbations for scientific experiments. Scientific

studies frequently call for reliable perturbations to be applied to the system

being studied. Exoskeletal robots are very good tools for applying reliable

perturbations to study how humans adapt to new environments or capabilities.

These perturbations can include force fields that can be selectively removed or

altered [35], step applications of force [36,37], or targeted assistance or resistance

[38, 39]. Many of these devices are still being developed and validated, and a

few have led to breakthroughs in understanding how humans control movement

and adapt to different conditions [38,40,41,42,43].

4. Generate electricity. exoskeletal robots are typically used to facilitate move-

ment, but one uncommon application of exoskeletal robots actually makes move-

ment more difficult for the operator. Mechanical work done by the operator can

be converted into electrical energy with a generator, and doing so creates resis-

tance to motion. Intelligent design of the exoskeletal robot can produce maximal

electricity with minimal impact on the operator [44,45].

In this thesis, I focus on the first application, developing devices to improve human

motor ability after stroke and in running.

1.2.2 Exoskeletal robot design considerations

Transmitting forces and torques to the body

The human body did not evolve to be actuated by an external robot. As such, we have

no natural anchor points conveniently placed for a robot to attach and apply forces

and torques. Instead, exoskeletal robot designers typically rely on cuffs or straps that

distribute the forces applied by the robot over an area of the limb to be actuated to

keep pressure concentrations low [17,47,48,49,50,51]. Human skin is relatively intol-

erant to shear loads, so most exoskeletal robots apply forces approximately normally

to the skin. Some of work done on the human body by an exoskeletal robot can be
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Figure 1.1: Examples of exoskeletal robots. A. The Berkeley Lower Extremity
Exoskeleton (BLEEX) developed at the Berkeley Robotics and Human Engineering
Laboratory [19] ( c©2006 IEEE). B. Personal 6.0 lower limb exoskeletal robot de-
veloped by ReWalk R©Robotics Ltd. C. Kinarm Exoskeleton Lab upper extremity
exoskeletal robot from BKIN Technologies [46]. D. Upper limb powered exoskeletal
robot designed by Joel Perry and colleagues at the University of Washington [47]
( c©2007 IEEE).
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absorbed by soft tissue such as muscle or fat, reducing the efficiency of the robot and

potentially causing nonlinear effects [52, 53]. Some advanced systems measure soft

tissue compliance to design custom interfaces that reduce discomfort and inefficien-

cies [54]. Nevertheless, comfortably and safely transmitting forces to the human body

remains a difficult challenge.

Safety

Safety is an important consideration when designing machines that operate in close-

proximity to humans. One key safety concern is safely handling the mass added by the

exoskeletal robot. Machines with more mass require higher actuator forces to produce

the same movement than less massive machines. Distally located mass has a much

greater moment of inertia than proximal mass and as such can mean slower response

times and greater actuator effort is required. As such, many exoskeletal robots are

designed to locate most of the mass of the exoskeletal robot proximally [47, 55]. In

some stationary exoskeletal robots, it is practical to mount portions of the exoskeletal

robot to an external support, such as the floor or ceiling [24, 56, 57]. Doing so can

reduce the loads on the portion of the exoskeletal robot worn by the operator. Soft

exosuits, explored in the next section, are another approach to minimizing the mass

added by exoskeletal robots.

Another key safety concern is the alignment of the exoskeletal robot’s joints with

those of the operator. Proper alignment of exoskeletal robot and user joints ensures

that the moments applied by the exoskeletal robot directly translate to task accom-

plishment. Misalignment can result in undesired loads applied to the operator [58]

and can be avoided by proper fitting or the design of mechanisms that allow self-

alignment [59, 60, 61]. While ensuring proper fitting can be tedious, the alternate

approaches can add considerable mass, complexity, and cost to the exoskeletal robot.

Care should also be taken to ensure that exoskeletal robots will not hyper extend the

operator’s joints.

Mechatronic systems can become unstable in some conditions. In robot sys-

tems, this usually manifests as oscillations that increase in amplitude that cannot

be stopped. Some tasks, such as walking, are passively stable [62] while other tasks,
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such as running, require a controller to maintain stability. For tasks that are not pas-

sively stable, care should be taken to guarantee that the exoskeletal robot’s control

policy is stable. In some cases, differences in reaction times between the operator

and exoskeletal robot can initiate instabilities. Ensuring that the motions performed

by the exoskeletal robot-human operator pair remain stable is an ongoing topic of

research [48,63].

Exoskeletal robot control

Seamless robotic assistance requires that both operator and robot agree on the task

that is to be attempted. One way to facilitate agreement between operator and robot

is to agree on the task beforehand. In the upper extremity, this strategy usually

manifests as reaches to defined targets [25, 26]. Using defined targets and models of

healthy reaches to targets [64,65], the exoskeletal robot can either assist the operator

in reaching the target or provide strategic resistance with the intent to facilitate

motor learning. Repeatedly performing these reaches is a common strategy used in

rehabilitation robots to facilitate motor recovery. However, repetition may not be an

optimal strategy for motor learning, which appears to benefit from exploration [40,

66, 67]. Generalizing this strategy to accomplish tasks of daily living with the upper

extremity is also difficult. Walking, on the other hand is a task where one action,

a step or a stride, is performed repeatedly with little variation. Even determining

the exoskeletal robot’s role in assisting in cyclic locomotion tasks can be difficult.

For example, the robot can be used in a position-based control mode to push the

operator to follow a prescribed kinematic trajectory or the robot could be used in a

torque-based control mode to apply supplemental moments to compensate for known

deficits. Determining the best control strategies for gait-assisting exoskeletal robots

is an area of active research [13].

Another approach is to automatically infer the operator’s intent using information

such as neural signals from the brain or periphery or by using unimpaired appendages

for control. Brain-computer interfaces are one key technology in this effort, but

require invasive surgeries and currently have a maximum communication rate of 3.5

bits per second [68], too slow for natural movement. Non-invasive methods also
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exist. These approaches typically measure neural signals on the periphery using

electromyography (EMG) [69,70,71] or the cortex using electroecephalography (EEG)

[72, 73] and/or the measurement of kinematic and kinetic variables [13, 14]. These

areas are topics of active research, and the additional measurement equipment and

processing needed to combine all of the measured information rapidly and reliably

adds cost and complexity. Many devices also rely on operator inputs from other parts

of the body. For instance, many of the lower extremity exoskeletal robots designed

to rehabilitate stroke survivors and patients with spinal cord injuries measure trunk

movements to cue each step. This approach is effective, simple, transparent, and

reliable enough to be made into products. However, this strategy is unlikely to scale

to a diverse set of movements. Currently, several of these devices use controls mounted

on crutches that accompany the exoskeletal robot to switch between modes. In one

mode, a trunk movement cues the exoskeletal robot to stand from a seated position

and cues a step in another mode. It is difficult, however, to imagine a system that

can switch between all the modes required for activities of daily living.

Rather than inferring operator intent, an exoskeletal robot can provide assistive

moments without knowledge of the task. An example of this use-case commonly used

in rehabilitation and industrial exoskeletal robots is gravity compensation. These

exoskeletal robots provide the vertical forces or related moments to cancel the effects

of gravity on the human operator or of the payload being manipulated. Doing so

requires only knowledge of the current state of the system and information about

the masses being manipulated, which are easily measured with force sensors or ad-

justed as desired by the operator. Negating the effects of gravity has proven effective

in assisting stroke survivors and spinal cord injured patients in movement [14, 24].

Because the forces needed to compensate for gravity only vary with state, it is some-

times possible to accomplish this task mechanically without active control. Many

such passive devices are now commercially available to reduce fatigue in industrial

applications such as supporting the arms of workers performing overhead work for

extended periods of time, such as the EksoVest [74] or the Ottobock Paexo Shoulder.

Exoskeletal robot control can be facilitated or complicated by the fact that the

human operator can also learn new control strategies. Adding an exoskeletal robot
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might constitute a substantial perturbation to an operator’s normal motor patterns.

Humans continuously adapt their motor patterns in search of efficient patterns [38].

Yet, the search for efficient patterns takes time and the inherent variability of motor

patterns might not always be sufficient to identify optimal motor patterns without an

external push [40]. The nature of these learning processes might partially explain why

many exoskeletal robots designed to improve walking and running economy based on

good rationale returned null or negative results for many years [18,51,75,76]. However,

these learning processes may also mean that humans can find ways to compensate for

some sub-optimalities in exoskeletal robot design or control.

1.2.3 Exosuits – assistance without a skeleton

Exoskeletal robots use rigid linkages to transmit actuator forces to the operator.

These rigid linkages also generate reaction forces that limit the loads applied to the

operator’s skeleton. However, some applications do not require load-bearing beyond

the capability of the human skeleton. Exosuits are a class of exoskeletal robots that

forgo rigid linkages, applying actuator forces directly to the operator and relying on

the operator’s skeleton to generate all of the reaction forces. This method limits the

maximum forces that can be applied to the body, supplementing rather than mul-

tiplying the operator’s capabilities. Eliminating rigid linkages allows exosuits to be

constructed of primarily compliant materials that can tolerate less precise design and

machining than rigid exoskeletal robots, are lightweight, and are generally inexpen-

sive. Safety factors that add considerable cost and complexity such as aligning robot

and operator joint axes are eliminated as well because exosuits do not have a center of

rotation. However, without rigid linkages, applying forces and torques to the human

body can be difficult and factors such as reaction forces must be carefully managed.

A number of creative solutions have been developed to transmit forces to the

human operating the exosuit. Early exosuit designs focused on assisting with loco-

motion. They used inelastic cables to transmit loads applied by remotely located

motors to anchor points on the body [14, 16, 77]. Soft exosuits have been used to

successfully assist with human walking and running in healthy and motor impaired
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populations [14, 16, 78, 79]. The forces needed to actuate the upper extremity to ac-

complish activities of daily living are generally lower than those needed in the lower

extremity. Inelastic cables driven by remotely located motors are also used to actuate

the upper extremity [80, 81]. Because the human upper extremity is frequently not

habituated to contending with high magnitude forces, standoffs are sometimes im-

plemented in these cable-driven upper extremity exosuits to reduce the forces needed

for actuation by increasing the moment arm across the joint to be actuated. These

standoffs can create a large device profile and might interfere with objects in the

operator’s environment in daily life. Other approaches use pneumatically inflated

bladders to push against two parts of the body, causing expansive forces and mo-

ments that extend the joint [82, 83]. Many of these exosuits have been created to

assist with arm movements in stroke survivors [82,83,84,85,86,87,88]. Some of these

studies have been validated in healthy users [82,84,85,88], but whether these devices

can aid movement in stroke survivors is not yet known.

Though there are many advantages to removing the skeleton from the exoskeletal

robot, there is currently not enough data to know whether secondary effects of the

applied loads might cause injury in the long term. While exosuit assistance can

reduce the forces required of the operator’s muscles, the overall forces experienced by

the human operator’s skeleton can still increase because there is no exoskeletal robot

frame to offload reaction forces. These higher forces experienced by the skeleton could

lead to faster wear of human joints and higher incidences of arthritis. Additionally,

soft tissue is responsible for maintaining integrity in some joints. Exosuit assistance

that reduces the activity of certain muscles that also stabilize joints like the knee or

shoulder could have unforeseable effects. We cannot yet know how changing muscle

activation patterns and applying large loads to specific joints might affect operator

safety in the long term.
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Figure 1.2: Examples of exosuits. A. Example of an exosuit for lower extremity
assistance during gait developed at the Harvard Biodesign Lab [50] ( c©2013 IEEE).
B. Example of an exosuit for post stroke upper extremity assistance developed in
the Dynamics, Autonomous Navigation, Surface Engineering and Robotics Lab at
University of California Santa Cruz. [86] ( c©2019 IEEE). C. Example of an exosuit
for hand assistance and rehabilitation developed at the Harvard Biodesign Lab [89]
( c©2015 IEEE).
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1.2.4 Passive exoskeletons – assistance without motors

If exosuits seek to make exoskeleton design easier by removing the skeleton, passive

or unpowered exoskeletons seek to simplify the problem by removing the brain, mus-

cles, and energy storage. Given that passive exoskeletons cannot add energy to the

coupled system, this approach is analogous to mechanically modifying the human

body to be better suited for a specific task. Though no explicit performance limits

have yet been identified, passive exoskeletons cannot perform intended tasks for the

operator as powered exoskeletal robots can. In the upper extremity, passive exoskele-

tons have been used to compensate for gravity for both rehabilitation and industrial

applications. These devices use stored gravitational or spring potential energy to

counter the work done by gravity [74,90,91,92,93,94,95,96]. In the lower extremity,

passive exoskeletons have been developed assist walking by mimicing a spring-clutch

behavior identified in the calf muscles [12] and in running by assisting hip muscles

with swinging the legs [15,97].

Some safety concerns are reduced with passive exoskeletons. Because exoskeletons

are mechanically programmed to perform a specific task, stability concerns stemming

from human inputs to the robotic controller are completely negated. This mechanical

programming typically ensures that the exoskeleton’s dynamics are more transparent

to the operator. Barring mechanical failure, simple passive exoskeletons will almost

never behave unexpectedly, facilitating operator training. The removal of expensive

components, such as batteries, controllers, and motors, and inherent safety of a passive

device mean that passive exoskeletons are a good alternative to powered exoskeletal

robots where assistance, rather than the exoskeleton performing the entirety of the

task, is acceptable.

1.2.5 Exotendons – assistance without a skeleton or motors

In 2003, Antonie van den Bogert published a study suggesting that a simple system

of elastic bands and pulleys could reduce the mechanical requirements of walking

by as much as 74% in silico [99]. This concept combines the properties of passive

exoskeletons that do no net work on the operator and of exosuits that do not use a rigid
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Figure 1.3: Examples of passive exoskeletons. A. A passive exoskeleton that
improves running economy in humans by assisting the hips with leg swing using a
spring mechanism [15] ( c©2018 IEEE). B. A passive exoskeleton that improves human
walking economy by supplementing a clutch-spring mechanism identified in the calf
muscles [12] (photo credit: Carnegie Mellon Engineering). C. and D. Wilmington
Robotic EXoskeleton (WREX), a passive exoskeleton that uses springs to support
the weight of the arm and can attach to the back of a wheelchair (C) or to a trunk-
mounted brace (D) [98] ( c©2015 IEEE).
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frame. Van den Bogert called these externally mounted elastic bands “exotendons” in

reference to the hypothesis that tendons act as springs that recycle energy in animals.

If proven to be effective in vivo, these exotendons have the potential to be even

more lightweight and less expensive than passive exoskeletons, which require extra

components to create the exoskeleon frame. Due to their low mass, exotendons might

be well-suited for applications such as running, in which mass imposes a significant

metabolic penalty [20,100].

1.2.6 Access

Though a number of exoskeletal robots are commercially available, one of the pri-

mary factors limiting the impact of exoskeletal robots in society is cost. Commercial

versions of traditional exoskeletal robots cost on the order of hundreds of thousands

of dollars. Devices such as the BKin Technologies’ Kinarm and the Hocoma Loko-

mat may be important tools for rehabilitation. Yet the price of these exoskeletal

robots mean that only well-funded health care institutions can afford one or two ex-

amples, which limits both the number of patients that can benefit and the amount of

time each patient can access these devices. The problem of limited access is critical

given that dosage may be a key limiting factor in motor recovery after events such

as stroke [101, 102]. Primary contributors to these costs are high performance com-

ponents, engineering required to ensure safety, and the absence of manufacturing at

scale. By removing some of the high-cost components, exosuits can be an order of

magnitude less expensive than traditional rigid exoskeletal robots. However, commer-

cial exosuits are still rare. Passive exoskeletons can be another order of magnitude

less expensive than traditional exoskeletons, with offerings priced under 10,000 USD.

Passive exoskeletons forego some of the most expensive components of a traditional

exoskeleton and because range of motion and applied forces are mechanically pre-

scribed, control and safety considerations are greatly simplified or nullified. Because

thousands of dollars is still very expensive for most patients, most passive rehabilita-

tion exoskeletons, such as the Saebo Mobile Arm Support or Hocoma ArmeoSpring,
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are marketed towards clinics. These clinics in turn typically acquire only a few sys-

tems, again limiting patient access to these tools.

Prosthetic limbs are one example of an assistive, wearable device commonly pre-

scribed to alleviate disability. Like exoskeletal robots, prosthetic limbs can be simple,

inexpensive passive devices or high performance active limbs. Most insurance compa-

nies in the United States will only pay for passive prosthetic legs for most users, citing

a lack of clinical evidence for the benefits of active prostheses for many users [103].

Currently, the clinical evidence in support of exoskeleton devices for motor-disabled

assistance or recovery is contested [104,105] and insurance companies are unlikely to

pay for exoskeletal robots for individuals. This creates a chicken-and-egg problem

in which testing the efficacy of exoskeletal robot devices for motor recovery is dif-

ficult until exoskeletal robots are built down to an accessible price point. Building

to an accessible price point will be beneficial for widespread adoption by unimpaired

individuals who are unlikely to pay thousands of dollars for an exoskeletal robot to

improve running efficiency.

1.3 Contributions

In addition to this introduction (Chapter 1) and a conclusion (Chapter 6), this thesis

consists of four chapters in two parts. Part I focuses on design, characterization in

healthy subjects and on the bench top, and validations in stroke survivors of three

simple exoskeletons/exosuits/exotendons that support shoulder abduction. Each of

these exoskeletons/exosuits/exotendons and related experiments are described in its

own chapter (Chapters 2-4). Part II focuses on the design and validation of a simple-

as-possible passive exotendon that improves efficiency in running humans, described

in full in Chapter 5. The contributions of the thesis are presented chapter-wise below:

• Chapter 2: We describe in detail a new type of exosuit actuator designed

specifically to actuate shoulder abduction, which is commonly associated with

reduced reachable workspace in stroke survivors. This soft exosuit actuator lifts

the arm from below using pushing forces rather than pulling from above with
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tensile elements or directly applying bending moments. We characterize this

actuator on the benchtop and in healthy human subjects to demonstrate its

effectiveness. We then perform one of the first pilot studies in a stroke survivor

of an upper extremity exosuit and demonstrate that reachable workspace

is increased with our actuator. The material cost of our actuator, which

does not include a compressor or controller, is less than 20 USD. While no upper

extremity exosuits are commercially available, some lower extremity offerings

for walking cost approximately 30,000 USD.

• Chapter 3: We describe in detail an updated design for our exosuit ac-

tuator to actuate shoulder abduction, based on a new class of growing

robots [106, 107]. We demonstrate in healthy operators that the exosuit actu-

ator provides the intended support without interfering with other joints. We

then demonstrate increased reachable workspace in 4 out of 6 stroke sur-

vivors using this type of support, and provide data supporting the hypothesis

that abnormal activation of the flexor synergy causes reduced upper extremity

workspace. We repeated these assessments using a ceiling-mounted device as

a positive control and found much better performance using the positive con-

trol. This inconsistency demonstrates that two devices can show the same

outcomes in healthy users but very different outcomes in the target

impaired population. Many similar studies test only in healthy users to vali-

date their designs; we contribute data that cautions against extrapolating these

results to stroke survivors.

• Chapter 4: We describe in detail a passive exoskeleton to assist shoul-

der abduction. We characterize the new exoskeleton on the benchtop and in

healthy operators, demonstrating that the exoskeleton provides the intended

assistance without impeding range of motion in any other upper ex-

tremity joint. However, the results in Chapter 3 demonstrate that results in

a stroke population cannot be extrapolated from unimpaired participants, so

we also present a protocol for assessing this exoskeleton’s usefulness in aiding

stroke survivors with activities of daily living, rather than specialized subtasks
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such as reachable workspace area. The material costs of this exoskeleton were

less than 100 USD, while similar commercially available passive exoskeletons

for industrial applications are typically priced between 5,000 and 8,000 USD.

Because of its effectiveness, simplicity, and price point, this design could be a

powerful tool for studying the effects of gravity compensation on stroke recovery

with higher dosages than existing devices.

• Chapter 5: We describe the design of an exotendon that demonstrably

improves human running economy by 6%, exceeding the performance

of many powered exoskeletons. We provide a theoretical biomechanical

framework that explains the mechanism of energetic savings. This

framework predicts changes in mechanical effort required in specific phases of

gait that we verified. We also perform ancillary tests to demonstrate that the

benefits of our device are not due to the placebo effect and that it can be

effectively used in unstructured environments, such as suburban streets. Our

device is manufacturable for approximately 1 USD.

Note that we compare the material cost of each of our designs to the retail price

of existing devices. The retail price encapsulates marketing, logistics, labor, profit

margins, and other costs that are not considered in this thesis. We are not able to

accurately estimate the retail price of any of our devices, because the only cost for

which we can accurately account is the material cost. Though we made an effort to

limit the number and cost of the components used in our designs, readers should be

mindful of the differences between material cost and retail price in our comparisons.
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application

18



Chapter 2

Inflatable exomuscle for shoulder

abduction support

Summary

Stroke is the leading cause of adult disability. Many robots have been developed

to administer movement therapies or provide physical assistance to stroke survivors

suffering from movement deficits. One effective approach has been to support the

weight of the arm, offloading shoulder abductor muscles that have become coupled to

elbow muscles. However, patients have limited access to such robots due to the robots’

complexity, cost, and bulk. To counter this problem, we developed a lightweight (350

g), inexpensive external actuator, which we call an exomuscle. We constructed a

prototype exomuscle by reinforcing a plastic bladder with a fabric bag that is sewn to

supporting straps. The bladder can then be inflated with pressurized air to provide

expansive forces between the user’s torso and arm, supporting shoulder abduction.

A seam acting as a hinge joint connects the exomuscle to the torso. We demonstrate

that our exomuscle reduces muscular effort by 74% in isometric tasks and 72% in

dynamic reaching tasks while minimally affecting the range of motion of the shoulder

and elbow (average 4% reduction) on three users ranging from 165 to 188 cm tall. We

also show in a pilot test on a stroke survivor that exomuscle assistance can increase

reachable workspace. This chapter was adapted from Simpson, C.S., Okamura, A.M.,

19



CHAPTER 2. INFLATABLE SHOULDER EXOSUIT 20

and Hawkes, E.W., 2017. Exomuscle: An inflatable device for shoulder abduction

support. IEEE International Conference on Robotics and Automation, pp. 6651-

6657 [84]. We describe a new experiment in Section 2.5 that was not included in that

publication.

2.1 Introduction

Stroke results from significantly reduced blood supply to part of the brain and is one

of the leading causes of long-term adult disability [4]. Stroke survivors can suffer

from a large range of negative effects such as pain, spasticity (continuous contraction

of some muscles), muscle weakness, hemineglect (unawareness of half of space), and

cognitive deficits. Some researchers believe that the main cause of post-stroke motor

impairment is abnormal muscle co-contractions [108]. These abnormal muscle co-

contractions were first observed as the coupling of shoulder abductor with elbow

flexor muscles and shoulder adductor with elbow extensor muscles [109]. Since then,

post-stroke abnormal muscle co-contraction patterns have been observed for a range

of upper extremity tasks [110], as well as for walking [111]. While there is a highly

nonlinear relationship between the electromyographical (EMG) signals on which these

analyses are based and the resultant joint torques, abnormal joint torque couplings

have been found that match the EMG-based results [112]. These researchers have also

demonstrated substantial improvements in motor function, achieved by supporting

the weight of the hemiparetic arm with an air bearing, which unloads the shoulder

abductor muscles [113].

Many researchers are developing robots to work with humans with neuromotor

impairments for assistance or rehabilitation. A large number of these robots are

designed to help users repeatedly perform a task [25,26], but this approach might not

be optimal for stroke rehabilitation [66,114]. Building on the results from [113], Ellis

et al. [24] designed and built an impairment-specific rehabilitation robot, ACT3D,

to provide shoulder abduction support. They then administered a therapy in which

shoulder abduction support was gradually reduced over a period of eight weeks and

found several motor improvements [24, 115]. However, the level of motor recovery is



CHAPTER 2. INFLATABLE SHOULDER EXOSUIT 21

tied to the intensity of therapy, and most rehabilitation robots are expensive, unwieldy

devices confined to the lab or clinic where patients have limited access to them.

Many of the robots currently being developed for rehabilitation are exoskeletal

robots. Typical exoskeletal robots are constructed from rigid linkages acting in paral-

lel with the user’s skeleton. These linkages are then attached at various points on the

body by cuffs or straps to transmit forces and torques. Motors or hydraulic actuators

then actuate these linkages. By including linkages acting in parallel with the user’s

skeleton, an exoskeleton transmits many of the forces that would otherwise need to be

transmitted through the user’s skeleton. Such exoskeletal robots have already been

developed for stroke rehabilitation [24,25,115]. These robots show promise in taking

state-of-the-art rehabilitation out of the clinic. However, there are many difficulties

associated with the design and operation of traditional exoskeletal robots, including

cost, aligning operator and robot joint axes [58], safely handling the mass added by

the exoskeleton, and ensuring stable interactions with human users [48, 63]. Fur-

ther, exoskeletal robots might be excessive for tasks that do not require load-bearing

beyond the capability of the human skeleton.

To address the problems associated with traditional exoskeletal robots, several

groups have recently built soft exosuits that forgo rigid linkages and directly apply

forces and torques to the user’s skeleton instead. Eliminating rigid linkages allows

exosuits to be constructed of primarily compliant materials that require less precise

design and machining, are lightweight, and are generally inexpensive. However, with-

out rigid linkages, applying forces and torques to the human body can be difficult.

Some designs use inelastic cables intelligently placed on the body and anchor points

to transmit loads to specific body parts [49, 50]. While these designs have proven

effective, they increase the compressive load on the joints. Another take on this ap-

proach uses cuffs as attachment points for cables driven by motors located elsewhere

(typically in a backpack or offboard) [80, 81]. However, this design requires large

standoffs to increase the moment arm across the joint to be actuated that create a

large device profile and might interfere with objects in the users’ environments in

daily life. Other approaches use pneumatically inflated bladders to push against two

parts of the body, causing expansive forces and moments that extend the joint [82,83].
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Figure 2.1: Exomuscle schematic and prototype images. A. Schematic of our
exomuscle, which attaches under the arm and against the torso and is held in place
with assorted straps. A single seam running down the torso acts as a hinge to allow
free shoulder horizontal abduction. The exomuscle is inflated by a compressed air
source. Inflating the exomuscle causes expansive forces between the seam against the
torso and the arm. B. A user wears the exomuscle in its uninflated state. C. A user
wears an inflated exomuscle. c©2017 IEEE [84].

Only a couple of these devices currently exist and they tend to focus on simple, single

degree-of-freedom joints, such as the elbow.

Our goal is to assist people with post-stroke motor impairments by providing

shoulder abduction support with a wearable, affordable, and soft device. To keep

costs low, we forgo the rigid linkages of a traditional exoskeleton. Since we are only

seeking to actuate a single degree of freedom, we only need one actuator, which we call

an external muscle or exomuscle. Here we discuss the design and evaluation of our ex-

omuscle. We experimentally verify that the device minimally impacts the user’s range

of motion in shoulder internal/external rotation, horizontal abduction/adduction, and

elbow flexion/extension. We also demonstrate that the exomuscle reduces muscular

effort in select shoulder abductor muscles while performing a series of isometric and

dynamic tasks. We also show in a pilot test on a stroke survivor that exomuscle

assistance can increase reachable workspace.



CHAPTER 2. INFLATABLE SHOULDER EXOSUIT 23

Canvas fabric (x4)
$2.00 USD

Plastic bag (x2)
$0.10 USD

Plastic tube
$0.05 USD

Insert into 
fabric bag 

Shoulder mount
$11.89 USD

Hook-and-loop fastener 
$1.50 USD

Polypropylene webbing 
$0.25 USD

A

T-junction
$0.10 USD

B

Section B
(when inflated)

Sew
Sew top two

Section A
(when inflated)

Heat seal

A

B

Kirk rulz

Sew top two

Flip

A. B.

C.1. C.2. C.3. C.4. C.5.

D.2.D.1.

Figure 2.2: Exomuscle construction. A. Photograph of a completed exomuscle.
Inset: V-shaped part that supports the arm. B. Diagram of a finished exomuscle. C.
The construction process of the fabric bag used to reinforce plastic bladders to create
the exomuscle. First, four pieces of canvas fabric are cut to the shape shown in C.1.
Two of these pieces are sewn together with the seam shown in C.2. A third piece of
canvas is placed on top of the two previously sewn together and the top two canvas
pieces are sewn together with the seam shown in C.3. That assembly is then flipped
over and the fourth piece of canvas added and sewn to the piece directly under it as
shown in C.4. This series of steps creates a stable V-shaped support for the arm.
Finally, all four pieces of canvas are sewn together with the seam shown in C.5. D.
The construction process for twin bladders that line the exomuscle. The bladders
are created from plastic bags (D.1.). Plastic tubes are inserted into one end of the
plastic bags. The bags are then heat sealed around the plastic tubes to ensure that
air cannot escape as shown in D.2. The two bladders are then inserted into the fabric
bag previously sewn to create a finished exomuscle. The exomuscle is then sewn to
various straps to attach it to the user (B). Note that the single seam attaching the
exomuscle to the torso acts as a hinge joint. The price of each component is listed in
United States Dollars. These components total $16.34 USD. c©2017 IEEE [84].
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2.2 Device design and construction

We designed and built a prototype exomuscle from fabric reinforced inflatable blad-

ders to provide low-cost shoulder abduction support that minimally interferes with

range of motion for stroke rehabilitation and assistance. The exomuscle consists of

twin plastic bladders that have been reinforced by fabric bags sewn to the desired

final shape of the device. A flow chart of the construction process is shown in Fig. 2.2.

The final exomuscle is roughly triangular when viewed from the user’s front or back,

and has a Y-shape when viewed from the side (Fig. 2.2, top left). The V-shape at the

top of the Y creates a stable support for the arm that prevents the arm from falling

off the support during movements. The completed exomuscle was then sewn onto a

shoulder mount that holds the exomuscle next to the torso and under the arm of the

user with a single seam that acts as a hinge joint. The exomuscle is attached to the

user’s waist by a polypropylene waistbelt. Elastic straps help to hold the arm in place

on top of the exomuscle. Compressed air is pumped into the exomuscle to provide

expansive forces between the attachment points on the human body: the seam along

the torso and the underside of the arm. We used a portable compressor to inflate the

exomuscle. While 27.5 kPa was sufficient pressure to provide significant support to

our users, we inflated the exomuscle to 55 kPa without failure.

2.3 Experimental methods

2.3.1 Device characterization

To control the exomuscle, we need to know the relationship between the input air pres-

sure and the resulting shoulder abduction angle. Thus, we measured the relationship

between air pressure in the bladder and shoulder abduction angle by inflating the

exomuscle to air pressures of 0, 6.9, 13.8, 20.7, and 27.5 kPa while recording the

shoulder abduction angles at each pressure with a visual tracking system for each of

three users.

To ensure comfortable and safe interactions, we need to understand the interaction

forces between the exomuscle and the arm. We measured the relationship between
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shoulder abduction angle and the interaction forces between the exomuscle and the

upper arm by attaching the exomuscle to a one-degree-of-freedom test apparatus. The

test apparatus consisted of two linkages connected by a hinge joint. The exomuscle

was connected to the two linkages of the test apparatus so that one linkage acted as

a torso and the other acted as an arm. The hinge joint acted as a simple shoulder.

The exomuscle was inflated to 6.9, 13.8, 20.7, or 27.5 kPa and then compressed by

rotating the two linkages of the test apparatus towards each other (similar to shoulder

adduction). We recorded the deflection angle with a visual tracking system and the

interaction forces between the exomuscle and the test apparatus linkage representing

the arm with a three-axis force transducer (ATI Mini45) connected between the two.

2.3.2 Range of motion

Traditional exoskeletons limit the user’s range of motion, which limits their utility.

To determine how our device affects upper extremity range of motion, we used a

goniometer to measure the extrema of shoulder internal/external rotation, shoulder

horizontal abduction/adduction, and elbow flexion/extension for three users, under

two conditions: (1) with the exomuscle inflated to approximately 27.5 kPa, and (2)

with no exomuscle.

2.3.3 Muscular effort

Isometric task: To determine whether our exomuscle can reduce shoulder abductor

muscle effort in an isometric task, we recorded neural activity in both the anterior and

medial components of the deltoid muscle in three users during a series of isometric arm

holds using electromyography (EMG). Each isometric hold was performed in one of

three postures (Fig. 2.3, top left): (1) shoulder horizontally abducted to 90◦ (straight

in front of the torso), (2) shoulder horizontally abducted to 45◦, or (3) shoulder

horizontally abducted to 0◦ (straight out to the side) with the elbow fully extended

and the arm raised to shoulder height. EMG data was collected for ten seconds at 25

Hz using a Delsys Bagnoli 2 EMG system read by a Tektronix oscilloscope for each

of these three postures with and without exomuscle support.
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Figure 2.3: Electromyographical (EMG) data recorded during isometric
(left column) and dynamic (right column) tasks (n=3). EMG data was
recorded from both the anterior and medial deltoid while each task was performed
in different conditions: (1) unassisted, (2) with exomuscle assistance, and (3) for
the reaches with assistance provided by an air bearing. In most cases, exomuscle
assistance significantly reduced muscular effort. On average, the exomuscle does not
achieve the performance of the air bearing, but in some cases, such as user 3’s medal
deltoid for all reaches, the exomuscle outperforms the air bearing. c©2017 IEEE [84].
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Dynamic task: To determine whether our exomuscle can reduce shoulder abductor

muscle effort in a dynamic task, we again recorded EMG data from the anterior and

medial components of the deltoid muscle in three users during a series of out-and-back

reaches. Each reach began in the same posture: arm raised to shoulder height and

elbow maximally flexed so that the hand was in front of the shoulder. Users then

reached to one of three target points (Fig. 2.3, top right): (1) shoulder horizontally

abducted to 90◦ (straight in front of the torso), (2) shoulder horizontally abducted

to 45◦, or (3) shoulder horizontally abducted to 0◦ (straight out to the side) with the

elbow fully extended and the arm raised to shoulder height. After reaching a target

posture, users returned their arm to the initial posture. EMG data was recorded

throughout the reach, and kinematics were recorded by a visual tracking system.

Users performed each reach in three support conditions: (1) unaided, (2) shoulder

abduction supported by our exomuscle, or (3) arm weight supported by a custom air

bearing. The air bearing allowed users to rest their arms on a table, but minimized

friction forces in the plane of the tabletop. The air bearing support was included here

to see whether the exomuscle could approach the performance of other established

upper extremity support mechanisms in a dynamic task. The air bearing support was

not included in the isometric task because there should be no neural activity in the

deltoid muscles when the arm is fully supported in an isometric task. With our first

user, we verified that the variance of resting noise was less than 0.22% of the signal

variance from the unsupported case.

2.3.4 Users

We recruited three volunteer users for our air pressure verses abduction angle, range

of motion, and muscle effort studies. These users consisted of two right-handed males

(height 171 and 188 cm) and a left-handed female (height 165 cm). All users wore

the same exomuscle supporting the left arm with only the supporting straps adjusted

for each individual.
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Figure 2.4: Abduction angle verses air pressure (n=3). Shoulder abduction
angle increases nearly linearly with pressure for three different users (gray dashed
lines). The black dashed line and error bars show the mean and standard deviations
of the experimental data from each of the three users. c©2017 IEEE [84].

2.4 Results

We designed and constructed a prototype exomuscle that assists users in shoulder

abduction. The prototype is inexpensive ($16.34 USD), lightweight (350 g), and made

from entirely soft materials. While the prototype was made to the specifications of a

173 cm tall individual, we demonstrated its effective use on users ranging from 165

to 188 cm tall.

2.4.1 Device characterization

The exomuscle exhibits a linearly increasing relationship between air pressure and

shoulder abduction angle (Fig. 2.4). This linear relationship is promising for future

development of a feedback control system for arm positioning.

Interaction forces increase as shoulder abduction angle decreases and as air pres-

sure increases (Fig. 2.5). In this way, the exomuscle behaves as a nonlinear spring

whose resting position is maximal shoulder abduction and whose stiffness is tunable
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Figure 2.5: Abduction angle verses interaction force. Force exerted on the arm
by the exomuscle plotted against the shoulder abduction angles for a range of different
air pressures. The exomuscle’s behavior resembles a nonlinear torsional spring whose
resting position is the maximal shoulder abduction angle of the exomuscle and whose
stiffness is tunable by modulating air pressure. c©2017 IEEE [84].

by modulating air pressure, which is analogous to impedance control.

2.4.2 Range of motion

We compared the user range of motion with the exomuscle inflated to approximately

27.5 kPa and without the exomuscle. We found that shoulder internal/external ro-

tation increased by 8%, shoulder horizontal abduction decreased by 13%, and elbow

flexion/extension decreased by 8% (Fig. 2.6).

2.4.3 Muscular effort

Isometric task: To determine whether the forces applied by our exomuscle reduced

users’ muscular effort, we recorded neuronal activity in select shoulder abductor mus-

cles during a series of isometric holds and out-and-back reaches. We compared the

variance of the electromyographical (EMG) signals when users were wearing the exo-

muscle inflated to approximately 27.5 kPa to that from unsupported trials (combined
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Figure 2.6: Comparative range of motion (n=3). The left silhouette presents
the range of shoulder horizontal abduction/adduction and elbow flexion/extension,
and the right silhouette presents the range shoulder inter/external rotation demon-
strated by our users. Ranges of motion are presented as mean plus one standard de-
viation both without assistance and with the exomuscle inflated with approximately
27.5 kPa of pressure. c©2017 IEEE [84].

isometric and out-and-back reaches). Our results show that, on average, anterior

and medial deltoid muscle activity decreased 73% (74% for isometric tasks, 72% for

out-and-back reaches). In some cases, such as User 2’s anterior deltoid during a 0

degree hold (Fig. 2.3), muscle activity increased with exomuscle support. However,

this phenomenon was usually observed when the muscle in question was not active in

the unsupported case.

Dynamic task : We compare users’ muscular effort when using our device to that

of another device designed to provide similar support in dynamic tasks. On average,

using our exomuscle reduced the variance of recorded EMG signals by 72% from

the unsupported case while the air bearing reduced the variance by 86% from the

unsupported case.

2.5 Effect on workspace of a stroke survivor

Shoulder abduction support can increase stroke survivor’s reachable workspace in the

horizontal plane [116]. To determine whether our exomuscle can produce a similar

effect, we recruited a chronic stroke survivor (male, 3.5 years post-stroke, affected side
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= right, height = 175 cm, weight = 63.5 kg, age = 48 years, upper extremity Fugl-

Meyer score = 36) who provided informed consent prior to participation in accordance

with the policies of the Stanford University Internal Review Board.

We followed the protocol used to measure the reachable workspace in stroke sur-

vivors from Sukal et al. [116] with small modifications to accommodate our device.

The participant was instructed to individually flex and extend the elbow and shoul-

der to trace the largest possible circle that he could reach while keeping the hand

and elbow raised to the height of the shoulder. To ensure that the full reachable

workspace area was achieved during the experiment, the motions were demonstrated

by experimenters and the participant was coached by the experimenters during the

trial. The participant was then fitted with the exomuscle and repeated the same

workspace measurement procedure. In each trial, arm kinematics were recorded us-

ing motion capture (Impulse X2E, Phasespace, San Leandro, CA, USA) at 135 Hz

with LED markers placed on the C7 vertebrate, acromion, clavicle, olecranon, lateral

humeral epicondyle, radial styloid, ulnar styloid, and first knuckle. Workspace area

greatly increased through exomuscle use (Fig. 2.7), demonstrating the potential of

our exomuscle to improve post-stroke motor abilities.

2.6 Discussion

The exomuscle is a one-size-fits-many device that has little impact on healthy users’

range of motion. While most exoskeletons require many adjustments for each new

user due to the need to align joint axes, the exomuscle was effective on users rang-

ing in height from 165 to 188 cm with minimal adjustments. The exomuscle greatly

reduced muscular effort in both isometric and dynamic tasks (74% and 72% reduc-

tion of EMG variance from unassisted condition, respectively). In dynamic tasks,

the exomuscle performed nearly as well as an air bearing (72% and 86% reduction

from unassisted condition, respectively). We also demonstrated a linear relationship

between air pressure in the exomuscle and shoulder abduction angle as well as a non-

linear spring behavior that can be used for position or impedance feedback control in

future work. Exomuscle use also increased reachable workspace in a stroke survivor.
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Figure 2.7: Reachable workspace comparison (n=1). Comparison of reachable
workspace measured in a stroke survivor without assistance (red) and with exomuscle
support (blue).
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We have demonstrated promising performance of our device with healthy users;

future work aims to achieve improved performance and rehabilitative outcomes in mo-

tor impaired populations. Prior work shows that individuals with chronic post stroke

motor impairment frequently have abnormal co-activations of the medial and anterior

components of the deltoid muscle with other muscles [109, 117]. These studies also

indicate that when shoulder abduction (which is largely performed by the deltoid)

was supported by a robot, motor performance markedly increased [113]. Therapies in

which robots gradually decrease the amount of support they provide have also yielded

improved motor performance even without further robotic support [115]. Combin-

ing the reductions in muscular effort that we observed in the deltoid muscles with

the largely preserved range of motion of other upper extremity degrees of freedom

suggests that future studies involving users with chronic post-stroke motor impair-

ments will yield similar results to those found in [113] and [115]. The low cost and

high portability of our exomuscle might give patients the opportunity have their own

exomuscle at home that they can use daily to get much higher volumes of therapy.

Therefore we might even see better results than traditional rehabilitation studies such

as [115].

Several attempts have been made to make soft wearable assistive robots. Many

of them are gait-assist devices worn on the lower extremities [49, 50], but a few have

also been developed for upper extremities [82, 83]. Like our device, Natividad and

Yeow’s device [82] provides shoulder abduction assistance. However, their device

behaves like a cantilever beam when inflated. While this device might yield some

benefits to stroke patients, such as preventing stiffness in the shoulder, its usefulness

for assisting patients to perform activities of daily living is limited. Our device, like

another push from below device developed at the same time in the Harvard Biodesign

Lab [85], supports shoulder abduction while leaving the remaining degrees of freedom

unhindered. With a competent controller incorporated, exomuscle users would be

able to perform a wide range of tasks.

Future iterations of our exomuscle will focus on hardware improvements and con-

troller development. Donning and doffing the prototype described here requires the

attachment of several sets of straps. A complicated attachment procedure might
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prevent people with motor impairments from using our exomuscle, regardless of how

effective it proves to be. We plan to streamline the attachment procedure by reducing

the number of straps or incorporating the exomuscle into a shirt. Depending on the

initial state of the device, we occasionally observe that the exomuscle buckles and

provides less support or pushes the arm in an undesired direction. This problem can

usually be corrected by increasing the air pressure. However, we prefer to operate the

exomuscle at lower pressures to minimize required energy inputs. We believe that a

wider exomuscle will be less likely to buckle, but at the expense of a larger profile

and a larger amount of air required for operation. We also want exomuscle operation

to be as intuitive as possible. Possible approaches include connecting the tube that

inflates the exomuscle to another closed reservoir that can be operated by another

limb or using electromyography-based controllers [118].

A key criticism of pneumatic devices is that they are reliant on a supply of com-

pressed air or other fluid. While we used a grounded air supply for most of our

experiments, we have also used a battery powered portable compressor to inflate the

exomuscle. While noisy, the portable compressor inflates the exomuscle beyond the

maximum air pressure used in testing within three seconds. Compressed gas reser-

voirs, such as those used to power paintball guns or quickly inflate bicycle tires, can

also be used to repeatedly inflate the exomuscle due to the low air pressures required.

While these devices have limited capacity, they are compact, lightweight, quiet, and

many are refillable. The exomuscle can also be constructed as a closed system, in

which air can pass from another reservoir into the exomuscle. The external reservoir

could be actuated by another of the user’s limbs.

Design principles similar to those employed for the exomuscle could be used to

develop a modular exosuit. While some exosuits that operate across multiple joints

have already been developed [49, 50], these designs rely on multi-joint connections.

The exomuscle, on the other hand, operates on a single degree of freedom without

impinging on other degrees of freedom. Much like the human muscular system, which

is made up of muscles specialized for their function, additional exomuscles could be

developed with properties to fulfill specialized roles in a larger exomuscle “suit.”

The exomuscle increased shoulder internal/external rotation range of motion in
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healthy users. While this increase might be an artifact of low user numbers, many

researchers have demonstrated that certain muscles consistently act together even in

healthy users [119]. As a result, the unloading of certain muscles in healthy users can

result in an increase in range of motion [113].

The exomuscle increased reachable workspace area in the unactuated horizontal

plane in a stroke survivor. However, more studies are needed to know if more stroke

survivors might receive the same benefit. The workspace assessment in this study

was performed at a fixed exomuscle pressure and thus a fixed arm elevation. Adding

active control to the exomuscle to allow for online adjustments of shoulder elevation

might also increase range of motion in the actuated degree of freedom after a stroke.

While we designed our exomuscle for the needs of post-stroke motor impaired in-

dividuals, other populations might also benefit from this device. Several professions

involve large amounts of time spent raising the hands above the head, which can

be extremely fatiguing. One example is a grocery store employee who must repeat-

edly raise his or her arms overhead with a payload in order to restock shelves. By

offloading shoulder adbuctor muscles, our exomuscle might increase endurance and

decrease discomfort during such activities. In addition, our exomuscle could be used

to augment the user’s strength.



Chapter 3

Growing exomuscle for shoulder

abduction support

Summary

Assistive devices may aid motor recovery after a stroke, but access to such devices is

limited. Exosuits may be a more accessible alternative to current devices and have

been used to successfully assist movement after a variety of motor impairments, but

we know little about how they might assist post-stroke upper extremity movement.

Here, we designed an exosuit actuator to support shoulder abduction, which we call

an “exomuscle” and is based on a form of growing robot known as a pneumatic-reel

actuator. The length of our device and therefore height of the arm can be increased by

growing the robot and reduced by retracting it. We also assembled a ceiling-mounted

support to serve as a positive control. We verified that both supports reduce the

activity of shoulder abductor muscles and do not impede range of motion in healthy

participants (n=4). Then, we measured reachable workspace area in stroke survivors

(n=6) with both supports and without support. Our exomuscle increased workspace

area in four participants (180±90 cm2) while the ceiling support increased workspace

area in five participants (792±540 cm2). Design decisions that make the exomuscle

wearable, such as leaving the forearm free, likely contribute to the performance dif-

ferences between the two supports. Heterogeneity amongst stroke survivors’ abilities

36
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likely contribute to a high variability in our results. Though both supports resulted

in similar performance for healthy participants, the performance differences in stroke

survivors highlight the need to validate assistive devices in the target population.

This chapter was adapted from Simpson, C., Huerta, B., Sketch, S., Lansberg, M.,

Hawkes, E., and Okamura, A., 2020. Upper extremity exomuscle for shoulder abduc-

tion support. bioRxiv [120].

3.1 Introduction

Stroke, the death of brain tissue due to interrupted blood supply, is the leading cause

of adult disability [4]. While the typical stroke survivor regains about 70% of lost

motor function [6, 7, 8], stroke remains the most common cause of adult disability in

the United States [121]. Due to aging populations and changing lifestyles, the inci-

dence and impact of stroke is expected to increase. Post-stroke permanent disability

might be reduced by increasing therapy dosage [101,102], but rigorously testing large

dosages in humans is difficult due to the commitment required of both therapist and

patient and the likelihood of interfering with standard care. Assistive devices may

help patients to perform more and longer therapies with less therapist involvement.

Assistive devices can be designed to aid patients in a number of ways; one promis-

ing approach is to compensate for the effects of gravity. Compensating for gravity

has been shown to increase stroke survivors’ reachable workspaces [116], theoretically

increasing the number of tasks that can be performed. The relationship between grav-

ity compensation and increased reachable workspace is attributed to abnormal flexor

synergy activation, in which stroke survivors lose the ability to independently control

the shoulder abductor and elbow flexor muscles [110, 112]. Unloading the shoulder

abductor muscles by providing gravity compensation reduces activity in the elbow

flexor muscles, increasing elbow range of motion [113]. This gravity compensation

strategy has been used in an eight-week therapy in which support was gradually re-

moved, and motor improvements were found [24, 115]. Because of the simplicity and

effectiveness of this approach, gravity compensation or shoulder abduction support is

the goal of many assistive devices.
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Exoskeletal robots, which use motors and rigid linkages to transmit forces to

the user, have been used extensively in research applications [24, 116]. However,

widespread adoption of rehabilitation exoskeletal robots by practicing healthcare

providers has not yet taken place. Some commercially produced passive exoskele-

tal devices, which use stored potential energy to compensate for gravity, are used

in the clinic. Examples of such devices include the Hocoma ArmeoSpring and the

SaeboMAS. These commercial devices are rarely used outside the clinic. One key

factor limiting adoption may be that existing devices are too expensive and com-

plex to operate. Much cost and complexity stems from safety considerations such as

aligning robot and operator joints [58], compensating for the additional mass of the

robot, and ensuring stable interactions with users [48, 63]. These devices are limited

by the workspace of the device, which is usually grounded to a table, the floor, or a

wheelchair. Wearable devices, grounded to the body instead of the environment, may

diversify the contexts in which assistive devices can used.

Soft exosuits can address many challenges associated with traditional exoskeletal

robots. While exoskeletal robots use rigid linkages to generate reaction forces, exosuits

forgo rigid linkages, relying instead on the user’s skeleton for that purpose [77]. Doing

so removes components and therefore mass from the system, allowing exosuits to be

constructed of primarily compliant materials that are lightweight, inexpensive, and

require less precise manufacturing. While early exosuit designs focused on assisting

with locomotion [14, 16, 77], several recent examples actuate the upper extremity

[122, 123]. Specifically, exosuits have been created to assist with arm movements in

stroke survivors [82, 83, 84, 85, 86, 87, 88]. In particular, several of these studies have

examined how exosuit use affects muscular activity in healthy users and whether

the exosuit limits the user’s range of motion [82, 84, 85, 88]. Only one recent study

has examined the effects of an upper extremity exosuit on stroke survivors. In that

study, exosuit use increased shoulder abduction and flexion range of motion, the

degrees of freedom supported by their exosuit, in five stroke survivors [124]. O’Neill

et al. [124] do not investigate whether unsupported degrees of freedom, such as the

elbow, benefit from exosuit assistance of shoulder abduction support as suggested by

previous studies of gravity compensation after stroke. No validations in healthy users
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were reported in that study.

Here, we design and build a novel inflatable actuator for shoulder abduction sup-

port, analogous to gravity compensation (Fig. 3.1A). We show in healthy participants

that the device does not impede range of motion and supports the anterior and medial

components of the deltoid muscles in abducting the shoulder, previously shown to be

related to post-stroke reachable workspace. We then test in stroke survivors whether

exomuscle assistance increases reachable workspace area in the transverse plane (or-

thogonal to exomuscle support), and whether a ten-minute assisted therapy session

changes reachable workspace area. We perform the same set of evaluations using a

ceiling-mounted arm support for a positive control. We show an increase in reachable

workspace area in the transverse plane in 4 out of 6 stroke survivors. Exomuscle sup-

port correlated with increased elbow range of motion, which is not supported by our

exomuscle. Although the ceiling-mounted support and exomuscle produced the same

results in healthy participants, we show that they produce very different outcomes

in stroke survivors, highlighting the need to validate assistive devices in the target

population.

3.2 Shoulder abduction support device design

Complexity, weight, cost, and safety considerations all limit access to robot-aided

therapies. Our goal is therefore to create a simple, lightweight, inexpensive, wearable

device capable of aiding in stroke rehabilitation by supporting shoulder abduction.

We also constructed a ceiling-mounted support for use as a positive control. These

two devices are shown in Fig. 3.1.

3.2.1 Exomuscle design – experimental device

Exosuits are frequently made using multiple actuators that apply compressive loads

on the user’s joints [49,80,81]. However, in early pilot testing, we determined that the

forces required to fully support the weight of the arm without standoffs resulted in

uncomfortably high compressive loads on the shoulder. Rather than adding standoffs
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A. exomuscle B. ceiling support

Figure 3.1: User with (A) an exomuscle and (B) a ceiling support. A. The
exomuscle is the experimental device in this study. Its design is based on a type of
growing robot [106] called a pneumatic-reel actuator [107]. B. The ceiling support is
used as a positive control in this study.

that might catch on objects in the environment to reduce these loads, we designed

our device to push the arm from beneath rather than pull from above. Additionally,

because our device comprises a single actuator rather than a suit of actuators, we

refer to it as an “exomuscle” rather than an “exosuit.”

In Simpson et al. [84], we described a compliant inexpensive wearable exomuscle

with a single controlled degree of freedom that assists shoulder abduction in healthy

users without restricting motion in other joints. That device controls shoulder abduc-

tion angle by modulating the air pressure in a bladder sewn with a hinge-like seam

to a chest harness and resting under the arm. That device is effective at lifting the

arm and supporting movement while pressurized, but can buckle at small shoulder

abduction angles/low air pressures. Here we describe a new actuator that uncouples

air pressure and shoulder abduction angle.

Our updated design, based on the pneumatic reel actuators developed by Ham-

mond et al. [107], consists of a plastic bladder reinforced by a fabric tube sewn out of

thermoplastic polyurethane (TPU)-coated polyester cloth. The fabric reinforced tube
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is then wrapped around an axle mounted to the base assembly shown in Fig. 3.2. In

this study, we use a locking disk and pin to fix the shoulder abduction angle so that

the elbow rests at shoulder height. For active length control, the lock disk can be

replaced with a transmission to a motor as described in Hammond et al. [107]. The

base assembly is held in place on the wearer’s side by a waist strap and a contralateral

shoulder strap, which supports the vertical forces required to support the arm. Our

prototype base is made out of polyoxymethylene plastic. The supported arm is held

in place on top of the inflated bladder by a hook-and-loop fastener strap. A flow

chart of the construction process is shown in Fig. 3.2.

When completed, this exomuscle has convenient properties for interfacing with

human operators. The height of the support can be adjusted without changing the air

pressure by growing or retracting the robot by spooling and unspooling the bladder on

the axle. The arm rests on the inflated tube, which is compliant enough at operational

air pressures of 25-50 kPa to provide a comfortable support. Additionally, extra

material at the top and bottom of the inflated tube where it transitions from a

rectangular cross section (at the ends where the tube is rolled about the axle or sewn

with a straight seam) to a circular cross section creates pivot points that act as ball

joints. These natural pivots combine with soft tissue compliance from the wearer

resulting in a flexible support. Because the exosuit should not interfere with other

joints, we attach the exomuscle under the upper arm to avoid crossing the elbow

joint, which would require additional compliance about the long axis of the bladder

to preserve full elbow range of motion.

3.2.2 Ceiling support – positive control

To examine the effectiveness of the wearable exomuscle design, we need a good-

as-possible support to serve as a positive control for comparison. Previous studies

examining the effects of gravity compensation in stroke use robotic exoskeletons [115]

or low-friction air sleds to support the arm [113]. In both cases, the workspace of

the exoskeleton or table supporting the air sled requires that the workspace task be

broken into segments with the robot or table repositioned in the middle to complete
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Figure 3.2: Exomuscle design. A. The pneumatic reel exomuscle consists of
two main parts, a long bladder and a base that contains the reel. The bladder is
constructed of a single piece of TPU coated polyester with hook and loop fasteners
sewn near the tip to hold the strap that will later hold the arm in place. The fabric
is then sewn into a tube and then twisted one quarter turn around the long axis such
that the hook and loop patches are on the sides. The end of the tube is then sewn shut
and a polyurethane bladder inserted. A push-to-connect port is then inserted through
the first layer of fabric and one side of the bladder to allow for inflation. B. The base
station is constructed out of four custom parts machined from polyoxymethylene, a
back plate with slots for a waist belt, two side braces that include holes for a shoulder
strap to attach, a front plate, and a disk brake. The bladder is spooled onto a D-
shaft, and the side braces and disk brake are inserted onto the ends of the D-shaft.
Shaft collars can be added for extra stability. The back and front plates are then
press fit onto the notches on the side braces. Then foam padding and straps can be
added as desired. C. When completed, the exomuscle base rests against the wearer’s
side, supported by the contralateral shoulder strap and waist belt, and underneath
the upper arm, supported by another strap.
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the workspace measurement. These devices also add inertia to the arm, a potential

confound.

Instead, we constructed a low-inertia, large workspace sling support [125, 126].

We suspended an arm rest from the ceiling using 165 cm of high-strength nylon rope.

The arm rest was placed under the forearm as close as possible to the center of mass

of the arm for each participant. We positioned each participant such that their elbow

was directly beneath the attachment to the ceiling.

3.3 Device effects in unimpaired population

Before testing in a vulnerable population such as stroke survivors, we wanted to ensure

that the exomuscle produces the intended effects and test for confounding effects in

unimpaired participants. To that end, we recruited four participants with no indicated

musculoskeletal deficits or injuries (3 males, 1 female; age: 26±4 yrs; height: 180±6

cm; mass: 72±10 kg; all right-hand dominant). Participants gave their informed

consent in accordance with the policies of the Stanford Internal Review Board. We

tested if the exomuscle was able to offload the effort of the shoulder abductor muscles

most commonly affiliated with abnormal flexor synergy activation. We also conducted

a test to examine whether the exomuscle limits the range of motion of healthy users.

3.3.1 Deltoid muscular effort

To determine if our exomuscle assists the user’s muscles with shoulder abduction, we

measured muscle activity in the shoulder muscles related to post-stroke workspace im-

pairments while participants performed isometric and dynamic tasks. We measured

muscle activity from the anterior and medial components of the deltoid muscle using a

Delsys Bagnoli 2 EMG system (Natick, MA, USA) read with a National Instruments

USB-600X DAQ (Austin, TX, USA) at 1000 Hz. In the isometric tasks, participants

were asked to hold their right arm at the height of the shoulder (90◦ shoulder abduc-

tion) with elbow fully extended for three seconds in each of three postures: (1) hand

directly in front of the shoulder (90◦ shoulder flexion), (2) hand directly out to the
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side (0◦ shoulder flexion), and (3) halfway in between those postures (45◦ shoulder

flexion). In the dynamic tasks, participants were asked to start in an initial posture

in which the arm is raised to the height of the shoulder (90◦ shoulder abduction),

the elbow fully flexed, and shoulder rotated such that the hand is directly in front of

the shoulder. Participants were then asked to reach to each of the three target pos-

tures described in the isometric tasks (shoulder abducted 90◦, elbow fully extended,

shoulder flexed to 90◦, 0◦, and 45◦) before returning to the initial posture. Each

task was demonstrated first by the experimenter, participants were asked to confirm

they understood the instructions, and the experimenter monitored performance of

each task to ensure the correct postures were attained. Each participant completed

both isometric and dynamic tasks in three conditions: (1) unassisted, (2) exomuscle

support, and (3) support from the ceiling support described in Section 3.2.2.

Electromyograms (EMG) from each muscle were high-pass filtered with a cutoff

frequency of 30Hz, rectified, and then low-pass filtered with a cutfoff frequency of 6Hz

to create linear envelopes. All filters were 8th order, zero-phase shift Butterworth fil-

ters (butter.m and filtfilt.m in MATLAB, Natick, MA, USA). We then computed

the average muscle activation in each trial and muscle and compiled all average mus-

cle activations resulting from a given support condition (unsupported, exomuscle, or

ideal) and task condition (isometric or dynamic) into a set. Because a one-sample

Kolmogorov-Smirnov test showed that the data in some sets were not normally dis-

tributed, we used the non-parametric Kruskal-Wallis test followed by Tukey’s test to

compare muscle activation across support conditions.

Exomuscle use reduced muscle activity by 79.5% (p = 1.7 × 10−9) and 58.6%

(p = 9.6 × 10−6) on average in the isometric and dynamic tasks, respectively (Fig.

3.3). The ideal support reduced muscle activity by 83.5% (p = 6.1 × 10−11) and

52.9% (p = 4.6 × 10−7) on average in the isometric and dynamic tasks, respectively

(Fig. 3.3). The average muscle activity during exomuscle use was not significantly

different from that measured while using the ideal support use in either isometric

or dynamic tasks with an α = 0.05 confidence level. Both assistive devices support

shoulder abduction as intended.
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Figure 3.3: Healthy participant muscular effort in different support con-
ditions (n=4). The average anterior and medial deltoid muscle activations were
computed for each trial of the isometric and dynamic tasks. These were combined
into sets according to support type: unassisted, exomuscle, or ceiling support. In
both isometric and dynamic tasks, muscle activity decreased with both exomuscle
and ceiling support use. There was no difference between the muscle activations
recorded in the two support conditions at an α = 0.05 confidence level in either task.
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3.3.2 Range of motion

To be useful in a wide range of tasks, the exomuscle should not impede the motion of

the upper extremity while supporting shoulder abduction. To measure upper extrem-

ity range of motion, we used motion capture (Impulse X2E, Phasespace, San Leandro,

CA, USA) to measure body kinematics at 135 Hz while participants were instructed

to move to the extrema of elbow flexion and shoulder flexion with no assistance, with

exomuscle support, and with the ceiling support. We also assessed shoulder rotation

with no assistance and with exomuscle support. We did not test shoulder rotation

with the ceiling support because it attaches at the forearm and thus does not allow

shoulder rotation.

Motion capture data was low-pass filtered at 20 Hz using an 8th order, zero-phase

shift Butterworth filter (butter.m and filtfilt.m in MATLAB, Natick, MA, USA).

Any gaps in the marker trajectories caused by temporary occlusions of the marker

were filled using cubic interpolation (interp1 function in MATLAB). We computed

the elbow angle using the angle between the forearm vector (vector connecting the

LED markers placed on the lateral humeral epicondyle to the ulnar epicondyle) and

upper arm vector (vector from the acromion to the lateral humeral epicondyle). We

computed the shoulder flexion angle as the angle between the trunk vector (vector

connecting the acromion with the C7 vertebrate) and the upper arm vector. We com-

puted the shoulder internal/external rotation angle as the angle between the forearm

vector and the vertical axis of the motion capture coordinate frame. For compar-

ison across conditions, we compute the range of motion as the difference between

each extrema. For example, the elbow range of motion is the difference between the

peak elbow flexion angle and the peak elbow extension angle. We then grouped the

ranges of motion for elbow flexion/extension and shoulder flexion/extension into a

single set for each support condition. Because a one-sample Kolmogorov-Smirnov

test showed that the data in some of these sets were not normally distributed, we

used the non-parametric Kruskal-Wallis test to compare range of motion across sup-

port conditions. We used the non-parametric Wilcoxon signed-rank test to compare

shoulder internal/external rotation in the unassisted and exomuscle support condi-

tions because the ceiling support does not allow for this motion.
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Figure 3.4: Healthy participant range of motion in different support con-
ditions (n=4). In addition to supporting shoulder abduction, the exomuscle is
designed to minimize its impact on other upper extremity degrees of freedom. Here,
we measured range of motion in the shoulder and elbow in the unassisted case (red),
while using an exomuscle (blue), and with support from the ceiling-mounted device
(gray). The range of motion did not change across the conditions (p = 0.97, Kruskal-
Wallis test).

The results of the range of motion analysis are shown in Fig. 3.4. Neither the exo-

muscle nor ceiling support changed the range of motion for shoulder flexion/extension

or elbow flexion/extension (p = 0.97, Kruskal-Wallis). The exomuscle did not reduce

the shoulder internal/external rotation range of motion (p = 0.89, Wilcoxon signed-

rank test). Thus the exomuscle and ceiling support do not impede the motion of the

unsupported joints.

3.4 Effects on post-stroke motor performance

Our device was designed to support shoulder abduction, previously shown to increase

the reachable workspace area in stroke survivors [113, 116] by offloading abnormal

flexor synergy effects [110, 112]. To determine whether the shoulder abduction as-

sistance from our device increases post-stroke reachable workspace as expected, we

recruited 6 stroke survivors with upper extremity motor impairments. We screened

participants during the recruitment process to include those with arm weakness whose
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stroke occurred more than 6 months before the study date and exclude those with

conflating health problems, sensory deficits, or that experience pain during passive

movements of the arm. All participants gave their informed consent in accordance

with the policies of the Stanford Internal Review Board. We administered the upper

extremity portion of the Fugl-Meyer exam and tested for visual and tactile neglect

in all participants. We also administered the manual muscle test (MMT) and mod-

ified Ashworth Scale (MAS) on the biceps, triceps, and deltoids of each participant.

Because of safety concerns in lifting the arm, we also checked all participants for

scapulo-humeral rhythm. The results of these assessments as well as demographic

information are shown in Table 3.1. We measured the reachable workspace of all par-

ticipants in 3 support conditions: unassisted, exomuscle support, and ceiling support.

We also tested an indicator of flexor synergy activation in each condition and tested

for session effects.

3.4.1 Methods

We designed our exomuscle to aid shoulder abduction and thus increase the reachable

workspace of post-stroke users while wearing the device. In pilot studies, however,

one participant’s unassisted reachable workspace appeared to increase immediately

after a short period of exercise with exomuscle support when compared to unassisted

reachable workspace before the exercise. Such session effects are rarely reported

[127, 128] and the neurophysiological mechanisms for such spontaneous recovery, if

they exist, could be useful to investigate. We thus designed a protocol to not only

assess (1) reachable workspace and (2) flexor synergy activation in each support

condition, but also (3) whether a short period of assisted exercise could produce

short-term motor improvements.

Our protocol consists of a set of assessments performed with each of the 3 sup-

port conditions. In each assessment, the reachable workspace was measured using the

protocol described below in Section 3.4.1 and a proxy for flexor synergy activation

was measured using the protocol described below in Section 3.4.1. Each partici-

pant completed the first set of assessments unassisted to get baseline measurements.
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Figure 3.5: Experimental protocol followed by stroke survivors. Participants
performed a baseline assessment without support from either test device. Participants
were then randomly assigned to use the exomuscle or ceiling support first. They per-
formed an assessment with that support followed by a 10-minute supported exercise.
Follow-up assessments punctuated by 10-minute rests were performed after each ex-
ercise to gauge residual effects of device use. Participants then repeated this set of
tests with the other support. Each assessment consists of a workspace measurement
and the recording of a proxy for flexor synergy activation.

Participants were then randomly assigned a support condition (exomuscle or ceiling

support) and completed a trial with that support condition followed by a trial with

the other support condition as shown in Fig. 3.5. Each trial consists of a workspace

and flexor synergy evaluation with the assigned support followed by a ten-minute in-

tervention trial designed to replicate the exercise that appeared to produce a session

effect in a pilot study. In this intervention trial, participants performed the same

clockwise and counterclockwise circular movements with the hand used to measure

the reachable workspace (see Section 3.4.1). The direction of the circular movements

was randomly determined and repeated for 1 minute. Up to three 1-minute rest

periods were allowed as needed. The support was then removed and participants per-

formed another workspace and flexor synergy assessment with no support to test for

any effects of the exercise. Participants then rested for ten-minutes before performing

another workspace and synergy assessment to determine whether any exercise effects

had worn off. Participants were given one more ten-minute rest before a final as-

sessment. Participants then completed the same set of tests with the other support

condition, exomuscle or ceiling support.
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Workspace assessment

We followed the protocol used to measure the reachable workspace in stroke survivors

from Sukal et al. [116] with small modifications to accommodate our devices and

equipment. In every case, participants were instructed to individually flex and extend

the elbow and shoulder to trace the largest possible circle that they could reach while

keeping the hand and elbow raised to the height of the shoulder. In order to record

the largest workspace, participants performed 6 circles per measurement, 3 in each

direction with the order randomly determined, and were coached by the experimenter

who demonstrated the ideal form throughout. In each trial, arm kinematics were

recorded using motion capture (Impulse X2E, Phasespace, San Leandro, CA, USA) at

135 Hz with LED markers placed on the C7 vertebrate, acromion, clavicle, olecranon,

lateral humeral epicondyle, radial styloid, ulnar styloid, and first knuckle.

Motion capture data was low-pass filtered at 20 Hz using an 8th order, zero-phase

shift Butterworth filter (butter.m and filtfilt.m in MATLAB, Natick, MA, USA). Any

gaps in the marker trajectories caused by temporary occlusions (less than 0.2 seconds)

of the marker were filled using cubic interpolation (interp1 function in MATLAB).

Any occlusions lasting longer than 0.2 seconds were ignored in our analyses rather

than interpolated to avoid generating incorrect data. We computed the reachable

workspace of the hand using the boundary function in Matlab, which computes a

concave boundary around the input data and computes the area of that boundary.

However, because the original task described by Sukal et al. [116] required that the

arm remain at the height of the shoulder throughout the experiment, we disregarded

datapoints in which the hand (defined as the marker on the ulnar epicondyle) or

elbow (defined as the marker on the lateral humeral epicondyle) fell below 20 cm

below the height of the shoulder (defined as the marker on the acromion). Due to

occlusions in some participants, we substituted the acromion for the C7 marker in all

trials. Because the 20 cm threshold selected has the potential to impact the results,

we performed a sensitivity analysis of this value presented in the Appendix.

We also computed the range of elbow and shoulder flexion/extension achieved

during the workspace recordings using the same method described in Section 3.3.2.
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Flexor synergy assessment

The increase in workspace that normally occurs with gravity compensation is thought

to be due to unloading of the flexor synergy. To estimate the relative magnitude of the

flexor synergy effect, Ellis et al. [129] developed an experiment to approximate flexor

synergy activation in which the affected arm is placed in a posture that activates

the deltoid muscles – and thus the flexor synergy in those that express abnormal

flexor synergy – while measuring the activity of the biceps muscles. We copied this

experiment with each of our support conditions by asking each participant to hold a

posture for three seconds in which the hand and elbow were raised to shoulder height

with the hand resting in front of the shoulder and the elbow flexed approximately

70◦ while the activity of the biceps was measured using a Delsys Bagnoli 2 system

(Natick, MA, USA) read with a National Instruments USB-600X DAQ (Austin, TX,

USA) at 1000 Hz.

EMG from each participant were high-pass filtered with a cutoff frequency of 30Hz,

rectified, and then low-pass filtered with a cutfoff frequency of 6Hz to create linear

envelopes. All filters were 8th order, zero-phase shift Butterworth filters (butter and

filtfilt functions in MATLAB). We then computed the average muscle activation in

each trial.

3.4.2 Results

Workspace

Workspace area increased with exomuscle support in 4 out of 6 participants compared

with 5 out of 6 with ceiling support (Fig. 3.6). The two participants who did not

increase in workspace with exomuscle support were the two participants with the

largest baseline workspace area (S2 and S6, Fig. 3.6). Only participant 4 did not

increase in workspace area with ceiling support. This participant also exhibited the

most fatigue and spasticity effects. Note that we present the workspace area change

relative both to the baseline measurement and relative to the previous unassisted

trial in Fig. 3.6B. We discuss the comparison against the previous unassisted trial

here because it is likely the more accurate measurement due to the effects of fatigue
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and spasticity discussed in Section 3.4.2.

Changes in workspace area were strongly correlated with changes in elbow range-

of-motion (r=0.84), while shoulder range-of-motion was weakly correlated with workspace

area (r=0.34, Fig. 3.6C.), consistent with Sukal et al.’s findings [116].

Flexor synergy

Biceps activation during a shoulder abduction task, a proxy for flexor synergy ac-

tivation, decreased in 4/6 and 5/6 participants using the exomuscle and the ceiling

support, respectively. Biceps activations were weakly correlated with elbow range

of motion (r=0.31) and workspace area (r=0.41) (Fig. 3.7). Though the correla-

tions shown in Fig. 3.7 are weak, they show the expected trend: that reductions in

flexor synergy activation will lead to increased elbow range of motion and increased

reachable workspace. This correlation might be weak due to our limited ability to

screen for participants with abnormal flexor synergy activation, adding noise to this

measurement.

Session effects

We did not see single-session increases in workspace area after our intervention.

Rather, we saw short-term decreases in workspace related to use of the arm, likely

due either to fatigue or use-dependent effects of spasticity (Fig. 3.8). Workspace area

decreased more after exomuscle exercise than after exercise with the ceiling support

(p= 0.03, Wilcoxon rank sum), suggesting exomuscle use was more fatiguing than use

of the ceiling support. Because participants did not recover these losses in workspace

area between the first and third unassisted assessments (p=0.79, Wilcoxon sum rnk),

this time-dependent effect is likely to have impacted our results. If we compare

workspace area while using the exomuscle to the previous trial in which assistance

was not used rather than the baseline measurement, 4/6 participants increase in

workspace by an average 180± 90 cm2.
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Figure 3.6: Stroke survivor workspace measurements with different sup-
port conditions (n=6). A. Workspace area measured in each participant in three
support conditions: unassisted, exomuscle, and ceiling support. B. Workspace area
increased for only three participants using the exomuscle (blue hollow circles) while
the ceiling support increased workspace in five participants (gray hollow circles).
Pariticpants with small unassisted workspaces received more benefit from both de-
vices. Four participants increased in workspace when compensating for fatigue by
comparing against the previous unassisted trial, rather than the first. C. Elbow
range of motion was strongly correlated with workspace area (r=0.84). This correla-
tion supports the argument that the support devices offload the flexor synergy, which
constrains elbow range of motion. Shoulder range of motion was weakly correlated
with workspace area (r=0.34).



CHAPTER 3. GROWING SHOULDER EXOSUIT 55

bicep activation 
(% change from unassisted)

0 50-50 100 0 50-50 100
bicep activation 

(% change from unassisted)

0

150

300

450

w
or

ks
pa

ce
 a

re
a

(%
 c

ha
ng

e 
fro

m
 u

na
ss

is
te

d)

el
bo

w
 ra

ng
e 

of
 m

ot
io

n
(%

 c
ha

ng
e 

fro
m

 u
na

ss
is

te
d)

0

-100

50

100

-50

r=0.31

r=0.41

B. Bicep activation correlations

ceiling
exomuscle

Figure 3.7: Correlations between biceps activation and elbow range of
motion and workspace area. We measured biceps muscle activation as a proxy
for flexor synergy activation [129]. Changes in bicep activation were weakly negatively
correlated with both elbow range of motion (left) and workspace area (right).
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decreased more after exercise with the exomuscle than with the ceiling support (left,
p=0.03, Wilcoxon rank sum test), suggesting that exomuscle use was more fatiguing
than the ceiling support. Workspace area did not return to baseline after the two
ten-minute rest periods (right, p=0.79, Wilcoxon rank sum test), suggesting that
fatigue or spasticity may have played a role in decreasing workspace measurements
in the second half of the experiment. To control for this, we compared workspace
measurements to the most recent unassisted trial in addition to the baseline trial in
Fig. 3.6.B.
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Figure 3.9: Sensitivity of workspace area measurement to the threshold
value. We computed the reachable workspace area using data in which the hand and
elbow were within a thresholded height of the shoulder of 20 cm. Here we compute
the reachable workspace area for different threshold values ranging from 5 cm to
considering all points (>30 cm) for each participant in each support condition.

3.4.3 Sensitivity to selected threshold value

To estimate the workspace area at the height of the shoulder in our experiment,

we disregarded datapoints in which the hand or elbow markers dropped below the

shoulder marker by threshold of 20 cm (Fig. 3.6). However, because this threshold

has the potential to influence our results, we perform a parameter sweep on the value

of the threshold. Our parameter sweep shows that workspace measurements using

the ceiling support are insensitive to the selected margin, likely due to the forearm

support provided.

3.5 Discussion

We designed a single degree-of-freedom exosuit actuator that we call an exomuscle

to support shoulder abduction, verified that it performs as intended in healthy par-

ticipants, and tested its efficacy in increasing a motor performance metric in stroke

survivors. Several recent devices incorporate multiple controlled degrees of freedom

to command a larger range of actions in the wearer. We take the opposite approach

in attempting to assist only a single degree of freedom shown in other works to be

effective in improving a measure of post-stroke motor capability, reachable workspace
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area. We verified in healthy subjects that our exomuscle reduces the activity of shoul-

der abductor muscles required for support against gravity and implicated in reduced

workspace area. We also verified that the exomuscle does not impede joint range of

motion of the shoulder or elbow. We then measured workspace area in six stroke

survivors, finding an increase in workspace area in four with exomuscle support. We

compared the exomuscle with a ceiling support serving as a positive control, which

increased workspace area in five participants. Though the two performed similarly in

healthy participants, the ceiling support outperformed the exomuscle in every mea-

sure in stroke survivors. This result highlights the need to study device effects in the

target population.

Several design factors may contribute to the difference in performance between

the two devices in stroke survivors. Certain design concessions that were made to

make the exomuscle wearable are not necessary for the ceiling support. The most

noticeable of these is that the ceiling support lifts the user’s forearm while the exo-

muscle supports the wearer’s upper arm, leaving forearm support to the user. This

concession enables exomuscle users to internally rotate the shoulder and allows for

a simpler design than would be required to support the forearm throughout the full

range of shoulder-plus-elbow motion. This concession made little difference to healthy

users, who were able to support their own forearms while exploiting the exomuscle

for support. Stroke survivors, on the other hand, frequently needed the additional

forearm support provided by the ceiling support to maintain the experiment posture.

Stroke survivors have different levels of motor ability depending on the size and

location of the lesion and on treatment. Stroke survivors frequently experience a

combination of sensorimotor deficits including abnormally coupled joints [109, 112,

113], increased noise in sensing and estimation [130], muscular weakness [131], and

spasticity [132]. Our exomuscle was designed to assist individuals with abnormally

coupled joints in the form of the flexor synergy [133]. Our screening procedure,

however, likely failed to distinguish between individuals with an abnormal flexor

synergy and those with muscular weakness for example. These sensorimotor deficits

can have very different effects on motor performance [134], which might explain in

part why some of our participants increased in reachable workspace by 130% while
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others decreased by up to 70%.

Exosuits, which have no rigid frame, require that the user’s musculoskeletal system

must support the additional loads generated by the device. In many cases, these loads

are compressive [49,80,80,81,86]. However, our device can produce tensile loads on the

shoulder complex, which must be supported by soft tissue. Some stroke survivors have

difficulty supporting tensile loads in the shoulder, even in unloaded scenarios, resulting

in subluxation. Though commercial braces exist to support against subluxation in

stroke survivors that could be used in parallel with our device, a better approach might

be to design assistive devices that either generate compressive loads on the shoulder

in a comfortable range or those that add no net resultant force to the shoulder as in

traditional exoskeletons whose frames support their own reaction forces.

Open challenges for this device include active control necessitating transparent in-

tent recognition and onboarding of all actuators and power sources. Simple, inflatable

devices such as ours still require an actuator, compressor, power supply, controller,

and sensing for transparent untethered operation. Given that our device is meant to

compensate for gravity, a predictable force whose effects vary only with body state,

purely mechanical devices can be designed to accomplish the same thing with 0 con-

trolled DOFs [74, 94, 135, 136]. Such mechanisms, can provide shoulder abduction

support that varies with posture to negate the effects of gravity on a wearer’s arm

without actuators, compressors, power supplies, controllers, or sensing. These mech-

anisms’ rigid frames react applied loads, meaning that no net force is applied to the

shoulder complex that may cause discomfort in stroke survivors.

While our exomuscle is designed for the needs of stroke survivors, other popula-

tions might also benefit from similar devices. Gravity supported therapy has shown

to improve clinical measures of motor ability in participants with cerebral palsy [137].

Gravity-compensating devices can also provide movement benefits to individuals with

muscular dystrophy [138], though most extant examples are mounted to wheelchairs

and are not wearable.



Chapter 4

Passive exoskeleton for shoulder

abduction support

Summary

Assistive devices can aid stroke survivors in upper-extremity movements by support-

ing shoulder abduction. These devices are typically world-grounded, limiting the

contexts in which they can be effectively used. Wearable devices might allow stroke

survivors to benefit from assistance in a wider range of activities, but must be inex-

pensive to be widely useful. In this chapter, we develop a wearable passive exoskeleton

similar to those used to support overhead industrial work, verify its effectiveness for

shoulder abduction support, and that it does not interfere with upper extremity range

of motion in healthy participants. We outline an experiment to test whether stroke

survivors receive any clinically relevant benefits while wearing the exoskeleton, and

discuss future experiments that could be enabled by such devices.

4.1 Introduction

In Chapters 2 and 3, we designed and tested two exosuit actuators. Both of these

devices were able to decrease shoulder abductor muscle activity while preserving ac-

tive range of motion in healthy participants and both increased reachable workspace

59
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area in some stroke survivors. The devices presented in the earlier chapters are made

from inexpensive components and are relatively easy to manufacture, keeping costs

low. However, these devices only function as the actuator and frame of the exoskele-

ton. In our experiments, we used these exosuit actuators in a passive mode with the

shoulder abductor position fixed by the experimenter. For the exosuit actuators to

raise and lower the arm actively for the operator, difficult challenges such as con-

trol and onboarding of power sources (batteries and compressors) must be resolved.

While numerous technologies exist to both perform autonomous intent recognition

and control [13, 14, 69, 70, 71, 72, 73] and to onboard all components, a more elegant

solution might be to obviate these challenges through mechanical design.

In previous chapters, we have simplified our designs by focusing on the actuation

of a single degree of freedom: shoulder abduction. We elected to support shoul-

der abduction because it is a particularly problematic joint to control for stroke

survivors. Though the neural mechanisms governing that phenomenon are still be-

ing investigated, interventions that support shoulder abduction have proven effec-

tive [115, 116, 139]. The primary force to be countered in shoulder abduction is the

effect of gravity on the arm. The moment needed to counter gravity varies sinusoidally

with shoulder abduction angle. A number of passive mechanisms have been devel-

oped to support the weight of the arm using this approach [74,90,91,92,93,94,95,96].

Few of these devices are wearable. Most of the wearable devices are developed for

industrial applications and do not support low angles of shoulder abduction (<60◦)

– making them less useful for stroke survivors that need help lifting to that height.

4.2 Design

Because complexity, weight, cost, and safety considerations all limit access to robot-

aided therapies, our goal was to design a lightweight, low-cost, wearable, passive

exoskeleton to support shoulder abduction. Existing wearable devices that passively

compensate for the weight of the arm use counterweights [90] or springs with variable

moment arms [74, 91, 92, 93]. To keep exoskeleton mass low, we chose the latter

approach. Our exoskeleton is wearable, inexpensive to manufacture, lightweight, and
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supports the full range of shoulder abduction, where other existing devices only offer

a subset of these features.

4.2.1 Components

Each force acting on the body must have an equal and opposite reaction. Many

world-grounded upper extremity exoskeletons use a frame mounted to the ground,

a table, or a wheelchair to react the forces applied to the human operator. In a

wearable device, both the intended force and the reaction force must be applied to

the operator. We elected to exploit the operator’s torso to resist forces needed to

support the arm. Attaching to the torso allows for a large contact area that reduces

pressure on the body exerted by the exoskeleton frame. Our exoskeleton then consists

of three subsystems: the connection to the arm, the connection to the torso, and the

exoskeleton frame.

Connection to arm

We designed a custom 3D printed arm cup to interface between the exoskeleton frame

and the operator’s arm. The arm cup is designed with a cylindrical profile in which

the arm rests. Slots allow for hook and loop fasteners to be inserted to securely fasten

to the arm (Fig. 4.1D). Counterbored holes on both ends of the arm cup allow for a

quick release push pin connection to holes in the arm linkage of the exoskeleton frame

(Fig. 4.1C). The quick release pin is connected to the distal of the two counterbored

holes on the arm cup. The single pin connection allows for the arm cup to rotate,

which can reduce pressure concentrations on the upper arm in case of misalignments.

The counterbored holes on both ends of the arm cup allow for the quick release pin

to be attached at either end of the cup to allow for use of the same arm cup on either

arm. The arm cup is lined with 3 mm thick neoprene padding for comfort.

Connection to torso

We sewed daisy chains to a neoprene posture vest using 1 and 1.5 inch (2.5 and 3.8 cm)

wide nylon webbing. A vertical daisy chain was sewn on the lateral inferior posterior
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Figure 4.1: Passive exoskeleton design. A. Photograph of a user wearing the
exoskeleton. B. Detailed view of vest. Vertical daisy chains were sewn to the lateral
inferior posterior aspects of a neoprene vest to support the exoskeleton frame. Hori-
zontal daisy chains were sewn to support a tensioner intended to maintain alignment.
C. Exoskeleton frame. Internal forces produced by the elastic bands produce an up-
ward force to lift the arm. The forces applied to the arm are reacted at the inferior
end of the exoskeleton frame by the attachment to the vest on the torso. The ten-
sioner applies a horizontal force to help maintain alignment between the exoskeleton
frame pivot point and the shoulder. D. Detailed view of the custom 3D printed arm
cup.
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aspect of the vest to support the vertical loads applied by the exoskeleton frame. The

exoskeleton frame connects to whichever loop in the daisy chain best aligns the frame

to the shoulder joint via a carabiner or zip tie. To allow for support of either arm

or both arms simultaneously, we sew these vertical daisy chains to both sides of the

vest. We constructed three sizes of vest to suit a larger range of operators. Horizontal

daisy chains were sewn to the lateral superior posterior aspects of the vest near

the shoulders to support a contralateral tensioner that helps to maintain alignment

between the exoskeleton and operator’s shoulder joint (Figs. 4.1A and B). In the

current design, the tensioner attaches to the arm linkage of the exoskeleton frame,

producing an undesired torque that pushes the arm towards horizontal (abducted

to 90◦). When the shoulder is abducted more than 90◦, the torque generated by

the tensioner is in the opposite direction from the torque generated by the vertical

elastic bands. Though the magnitude of this undesired torque is small compared to

the torque caused by the vertical elastic bands, future design iterations might remove

this torque altogether by moving the connection point of the tensioner to the torso

linkage or axle.

Exoskeleton frame and springs

The exoskeleton frame supports the elastic bands that act as springs and reacts the

forces generated by the bands to generate a pure moment. The frame is constructed

of 1 × 1/4 inch (2.5 × 0.6 cm) aluminum bars. Two bars form the frame, the torso

linkage and the arm linkage. The two linkages are connected by a pin joint made from

a barrel screw serving as the axle and a flanged bearing to reduce friction. Quarter-

inch (0.6 cm) holes were drilled in the arm linkage through which quick release pins

connect to the arm cup. The exoskeleton can be adjusted to different arm lengths by

connecting through different holes. Half-inch (1.3 cm) holes are drilled in the proximal

end of the arm linkage and the inferior end of the torso linkage to accept carabiners.

The frame is then attached to the vest by the carabiner on the torso linkage and by

zip ties to the daisy chains on the vest, providing ball joints that allows unimpeded

motion for the operator. The elastic bands can be added or removed to adjust the

supportive moment to suit individual needs. Similarly, the length and stiffness of
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varies linearly with the number of elastic bands. The exoskeleton moment can be
reliably estimated from two parameters, exoskeleton state, θ, and number of elastic
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the tensioner can also be adjusted to suit individual needs. The exoskeleton frame is

shown in Fig. 4.1A as a part of the full assembly.

4.2.2 Angle-moment relationship

In order to support the arm against gravity, the shoulder muscles must exert a mo-

ment that varies with posture and external loads. By neglecting external loads and

modeling the arm with the elbow fully extended as a pendulum, we determine that our

support needs to generate moments that vary sinusoidally with shoulder abduction

angle, M ∝ sin θ.

We measured the moment generated by our device as we swept the support

through a range of angles. We measured the applied force using a force gauge (Mark-

10, Copiague, NY, USA) and the exoskeleton’s state and the applied force’s line-of-

action using motion capture (PhaseSpace, San Leandro, CA, USA). A sine function

with a phase-shift of 10◦ explains ≥96% of the variance in our data (Fig. 4.2). The

moment linearly increases with the number of rubber bands loaded onto the exoskele-

ton.
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4.3 Device effects for unimpaired users

Before testing in a vulnerable population such as stroke survivors, we verify that

our exoskeleton provides the intended support and test for confounding effects in

unimpaired participants. We tested whether the exoskeleton can reduce shoulder

abductor muscle effort and whether the exoskeleton limits the users’ joint range of

motion in six participants with no musculoskeletal deficits or injuries (3 males, 3

females; age: 30±2 yrs; height: 170±6 cm; mass: 66±9 kg; all right-hand dominant).

Participants gave informed consent in a study approved by the Stanford Internal

Review Board before completing the study.

4.3.1 Deltoid muscle activation

To determine whether the moments applied by the exoskeleton reduce muscular effort,

we performed the same experiments as Chapters 2 and 3 in which we measured

muscle activity in the shoulder muscles related to post-stroke motor impairments

while participants performed isometric and dynamic tasks. We measured activity

from the anterior and medial components of the deltoid muscle using a Delsys Bagnoli

2 EMG system (Natick, MA, USA) read with a National Instruments USB-600X DAQ

(Austin, TX, USA) at 1000 Hz. In isometric tasks, participants were asked to hold

their right arm at the height of the shoulder (90◦ shoulder abduction) with elbow fully

extended for three seconds in each of three postures: (1) hand directly in front of the

shoulder (90◦ shoulder flexion), (2) hand directly out to the side (0◦ shoulder flexion),

and (3) halfway in between those postures (45◦ shoulder flexion). In dynamic tasks,

participants were asked to start in an initial posture in which the arm is raised to the

height of the shoulder (90◦ shoulder abduction), the elbow fully flexed, and shoulder

rotated such that the hand is directly in front of the shoulder. Participants were

then asked to reach to each of the three target postures described in the isometric

tasks (shoulder abducted 90◦, elbow fully extended, shoulder flexed to (1) 90◦, (2)

0◦, and (3) 45◦) before returning to the initial posture. Each task was demonstrated

first by the experimenter, participants were asked to confirm they understood the

instructions, and the experimenter monitored performance of each task to ensure
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the correct postures were attained. Each participant completed both isometric and

dynamic tasks in two support conditions: (1) unassisted and (2) with exoskeleton

support.

Electromyograms from each muscle were high-pass filtered with a cutoff frequency

of 30Hz, rectified, and then low-pass filtered with a cutfoff frequency of 6Hz to create

linear envelopes. All filters were 8th order, zero-phase shift Butterworth filters (butter

and filtfilt functions in MATLAB, Natick, MA, USA). We then computed the average

muscle activation in each trial and computed the average muscle activation for each

subject across resulting from a given support condition (unassisted or exoskeleton

assisted) and task condition (isometric or dynamic). A one-sample Kolmogorov-

Smirnov test showed that the data was normally distributed, so we used paired t-tests

to compare muscle activation between support conditions.

Exoskeleton use reduced muscle activity by 51% (p = 0.0044, paired t-test)

and 63% (p = 0.0035) on average in the isometric and dynamic tasks, respectively

(Fig. 4.3.A).

4.3.2 Range of motion

For maximal utility, the exoskeleton should not impede the motion of the upper

extremity while supporting shoulder abduction. To test whether the exoskeleton

impedes upper extremity range of motion, we performed the same experiments as

Chapters 2 and 3 in which we measured body kinematics using motion capture (Im-

pulse X2E, Phasespace, San Leandro, CA, USA) at 135 Hz while participants moved

to the extrema of elbow flexion/extension, shoulder flexion/extension, shoulder me-

dial/lateral rotation, and shoulder abduction/adduction in two conditions: (1) unas-

sisted and with (2) exoskeleton support.

Motion capture data was low-pass filtered at 20 Hz using an 8th order, zero-phase

shift Butterworth filter (butter and filtfilt functions in MATLAB, Natick, MA, USA).

Any gaps in the marker trajectories caused by temporary occlusions of the marker

were filled using cubic interpolation (interp1 function in MATLAB). We computed

the elbow angle using the angle between the forearm vector (vector connecting the
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Figure 4.3: The exoskeleton reduces shoulder abductor muscle activity
while not limiting range of motion of any upper extremity joint (n=6). A.
Muscle activity measured from the anterior and medial heads of the deltoid muscle
were reduced with exoskeleton support in both isometric tasks (p = 0.0044, paired t-
test) and in dynamic reaches (p = 0.0035). B. The exoskeleton provides this support
without limiting the range of motion of the elbow or any of the shoulder degrees of
freedom (p=0.97, Kruskal-Wallace test).

LED markers placed on the lateral humeral epicondyle to the ulnar epicondyle) and

upper arm vector (vector from the acromion to the lateral humeral epicondyle). We

computed the shoulder flexion angle as the angle between the trunk vector (vector

connecting the acromion with the C7 vertebrate) and the upper arm vector. We

computed the shoulder internal/external rotation angle as the angle between the

forearm vector and the vertical axis of the motion capture coordinate frame and

shoulder abduction angle as the angle between the upper arm vector and the vertical

axis of the motion capture coordinate frame. For comparison across conditions, we

compute the range of motion as the difference between each extrema. For example,

the elbow range of motion is the difference between the peak elbow flexion angle

and the peak elbow extension angle. Because a one-sample Kolmogorov-Smirnov test

showed that the data were not normally distributed, we used the non-parametric

Kruskal-Wallis test to compare range of motion between support conditions.

The results of the range of motion analysis are shown in Fig. 4.3.B. The ex-

oskeleton did not change the range of motion for shoulder flexion/extension or elbow

flexion/extension (p = 0.97, Kruskal-Wallis test).
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4.4 Planned experiments in stroke survivors

Studies of the impacts on post-stroke motor performance of assistive devices typically

employ targeted measurements of joint-level performance. For example, the devices

described in Chapters 2 and 3 and the most recent published study on exosuits for

upper extremity [124] assistance measured the range of motion of specific joints or of

multiple joints used in coordination as in the reachable workspace area assessments

we performed. While joint range of motion and reachable workspace area affect

the ability to perform activities of daily living, they are not necessarily perfectly

correlated. It is important to consider how an assistive device might impact a stroke

survivor’s ability to perform activities of daily living directly.

Standardized measurements of functional ability are commonly used to assess

functional ability and recovery in stroke survivors. One of the most common of

these assessments is the Fugl-Meyer test [140]. We administered the upper extremity

portion of the Fugl-Meyer assessment in Chapter 3 because the assessment’s ubiquity

makes it possible to compare the motor ability of stroke survivors across studies. The

Fugl-Meyer test, however, primarily assesses the ability to move outside of certain

movement synergies commonly observed after a stroke. Other tests, such as the

Wolf Motor Function Test (Wolf) and Action Research Arm Test (ARAT) [141,142],

focus on stroke survivors’ abilities to accomplish activities of daily living. These

tests may not be good indicators of motor recovery because increased reliance on

compensatory movements might give false positives [143]. However, these tests might

be well suited to examining the functional benefits of exoskeleton or exosuit assistance

on activities of daily living. Because the ARAT test is much quicker to administer,

limiting the effects of fatigue, shown to be an important considerations in Chapters

3 and because results on the Wolf and ARAT tests are highly correlated [144], we

propose using the ARAT to examine whether a given exoskeleton or exosuit can

improve an operator’s abilities to complete activities of daily living. The minimum

clinically relevant difference in ARAT scores is 5.7 points [145]. If a stroke survivor

improves by at least 6 points on the ARAT scale with exoskeleton assistance, that

operator can be considered to be functionally less disabled than when not receiving
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exoskeleton assistance. We propose running randomized trials in which 5-10 stroke

survivors complete ARAT assessments with and without exoskeleton assistance in

randomized order in a single session with a short stretching break in between the

assessments to counter fatigue and spasticity effects.

Unfortunately, these planned experiments were placed on hold indefinitely due to

the COVID-19 pandemic.

4.5 Discussion

In this chapter, we design, construct, and test in healthy volunteers a fully wearable

lightweight passive exoskeleton. This exoskeleton can fit a range of body sizes due

to design considerations such as different sizes of vests, daisy chains that allow for

attachment at different heights, and multiple contact points along the arm linkage to

allow for different arm lengths. The moment provided by the exoskeleton is linearly

related to the number of elastic bands attached, it can be predictably titrated by

adding and removing elastic bands. We demonstrated that the exoskeleton offloads

shoulder abductor muscle effort without impeding range of motion in any upper ex-

tremity degree of freedom in six healthy participants. We also motivate an experiment

to determine whether the exoskeleton can improve stroke survivors’ performance on

standardized assessments of activities of daily living.

Simplifications make our exoskeleton easier to use and manufacture, but can nega-

tively impact performance. For instance, we modeled the arm with the elbow extended

as a simple pendulum that requires a sinusoidal torque to counteract gravitational

forces. However, the elbow is unlikely to remain locked in place during activities of

daily life and the actual moment needed to support the arm will be a function of both

shoulder abduction angle and elbow angle. The forearm’s relatively light and proxi-

mally located mass mean that our simple exoskeleton provides reasonable assistance

in many conditions and the additional performance gained by compensating for elbow

motion may not be worth the additional complexity. However, some improvements to

the exoskeleton might be warranted. Our current design employs an elastic tensioner

routed from the contralateral shoulder to the arm linkage of the exoskeleton frame.
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This tensioner produces an undesired torque that could be avoided by moving the

attachment point from the arm linkage to the axle or torso linkage. This modification

would improve performance with negligible additional complexity.

Validations in benchtop tests and on healthy operators verified that we achieved

our design goals of providing low-cost, wearable shoulder abduction support that does

not limit range of motion. However, in the previous chapter we demonstrate that these

validations are not sufficient to know whether this exoskeleton is well suited for post

stroke assistance. The results from Chapters 2 and 3 as well a recent results from

O’Neill et al. [124] suggest that we can expect stroke survivors to receive some benefit

from the provided support. The magnitude and ubiquity of that benefit will have to

be determined through future experimentation.

Post-stroke permanent disability might be reduced by increasing therapy dosage

[101,102], but rigorously testing large dosages in humans has been difficult due to the

commitment required of both therapist and patient and the likelihood of interfering

with standard care. Assistive devices might be able to increase therapy dosage by

aiding stroke survivors in completing therapies. So far, limited access to assistive

devices due primarily to cost and limited use cases have been limitations in assisted

therapy dosage. Our exoskeleton is untethered and passive, meaning that operators

can use the exoskeleton for hours at a time without concerns about battery life or

fuel and that the exoskeleton can be worn anywhere. Because of its low cost and

portability, our exoskeleton might be a useful tool in studying whether assistance

leads to increased use of the impaired arm and if so, whether that increased use

translates to improved rehabilitation outcomes. The idea that assistance might lead

to increased use and improved outcomes is related to the concepts behind constraint-

induced movement therapy (CIMT) [146] in which the unaffected arm is restrained,

typically with a sling or oven mitt, so that stroke survivors must use the impaired arm

to perform tasks. While CIMT has shown to be effective for motor recovery [147],

forced use of the impaired arm can be frustrating for stroke survivors. Assisting the

impaired arm with an exoskeleton might encourage its use without the frustrations

stemming from constraining the unimpaired arm.
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application
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Chapter 5

Passive exotendon for running

assistance

Summary

Human running is inefficient. For every ten calories burned, less than one is needed

to maintain a constant forward velocity—the remaining energy is, in a sense, wasted.

The majority of this wasted energy is expended to support the bodyweight and redi-

rect the center of mass during the stance phase of gait. An order of magnitude less

energy is expended to brake and accelerate the swinging leg. Accordingly, most de-

vices designed to increase running efficiency have targeted the costlier stance phase

of gait. An alternative approach is seen in nature: spring-like tissues in some ani-

mals and humans are believed to assist leg swing. While it has been assumed that

such a spring simply offloads the muscles that swing the legs, thus saving energy, this

mechanism has not been experimentally investigated. Here we show that a spring, or

‘exotendon’, connecting the legs of a human reduces the energy required for running

by 6.4 ± 2.8%, and does so through a complex mechanism that produces savings

beyond those associated with leg swing. The exotendon applies assistive forces to the

swinging legs, increasing the energy optimal stride frequency. Runners then adopt

this frequency, taking faster and shorter strides, and reducing the joint mechanical

work to redirect their center of mass. Our study shows how a simple spring improves
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running economy through a complex interaction between the changing dynamics of

the body and the adaptive strategies of the runner, highlighting the importance of

considering each when designing systems that couple human and machine. This chap-

ter is adapted from Simpson, C.S., Welker, C.G., Uhlrich, S.D., Sketch, S.M., Jackson,

R.W., Delp, S.L., Collins, S.H., Selinger, J.C. and Hawkes, E.W., 2019. Connecting

the legs with a spring improves human running economy. Journal of Experimental

Biology, pp. jeb-202895 [148].

5.1 Introduction

Running expends more energy than any other commonly used form of locomotion, in-

cluding walking, swimming, and flying [149,150,151] (Fig. 5.1A). In running humans,

only a small amount of the metabolic energy expended does net external work on the

environment; this energy is used to overcome aerodynamic drag and represents less

than 8% of the total energy expended (Fig. 5.1B) [152, 153]. The remaining energy

is ‘wasted’ in the sense that it is expended by processes that do no useful external

work on the environment. According to studies that attempt to partition the energy

expended by these processes, most of the wasted energy (65-82%) is used to brake

and accelerate the center of mass, both vertically and fore-aft, a process that occurs

each stance phase [154]. A smaller portion is used to swing the legs [154, 155, 156],

with the current best estimate at 7% [154].

Given the inefficiency of running, many devices have been designed to reduce a run-

ner’s metabolic energy expenditure, with most targeting the largest costs—redirecting

the center of mass and supporting the weight during the stance phase of gait. These

devices can be either active or passive. Active devices inject energy from an external

source to reduce the amount of energy expended by the human, even while the total

energy expended by the human-plus-device may increase. For example, exoskeleton

robots use motors in parallel with human muscles [13, 16]. However, these active ex-

oskeleton robots usually use offboard motors and power sources, which prevent them

from being autonomous. Other examples of active devices include mechanisms with

accelerated masses [159] and jet packs [160]. No actively powered device, however,
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Figure 5.1: Energetics and mechanics in running animals. A. Cost of trans-
port as a function of body mass [151, 157, 158] shows that running (grey circles) is
less efficient than swimming (dark blue squares) and flying (light blue triangles). B..
Only a small fraction of the energy expended in running does useful work on the envi-
ronment to move against air resistance [152,153]; the remainder is expended primarily
to accelerate the center-of-mass, both vertically and fore-aft, during stance. Much
less is used to swing the legs [154, 155, 156]. C. Elastic tissues are hypothesized to
reduce the energy required to swing limbs. D. A pendular model of limb oscillation
showing that a parallel spring (elastic tissue) can store energy during braking and
return energy during acceleration, reducing required muscle moments.
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has consistently reduced the energy required for a human to run while carrying the

full weight of the device. Passive devices, in contrast, seek to reduce the energy

required by the human to run by storing and returning energy to create a more effi-

cient human-plus-device system. An early example is a running surface with stiffness

tuned to minimize energy lost during impacts [161, 162]. Another passive assistance

strategy involves using springs in parallel with the legs [51,75], but this approach has

yielded mixed results. Most recently, a shoe with spring-like foam and an assistive

carbon fiber plate resulted in a 4% improvement in running economy [163, 164], the

largest savings for a self-contained system across all devices that target costs primarily

occurring during stance.

Notably, few devices have been designed that specifically target the metabolic

energy expended for leg swing during running, even though numerous researchers

hypothesize that passive elastic tissues in animals may reduce the energy required to

oscillate limbs. Many quadrupeds have elastic tissues running along the top of the

spine and front of the hip that are thought to assist spinal extension and hip flexion

[165, 166] (Fig. 5.1C). Analogous passive elastic tissues are also in the skin of some

fishes [167] and the wings of birds and insects [168, 169]. While no such mechanisms

have been identified in humans, studies have correlated less flexibility in the legs and

lower back with improved running economy [170,171,172]. This decreased flexibility

might result from increased stiffness of passive elastic tissue spanning the relevant

joints. For all of these examples, it is thought that the passive elastic tissues store and

return energy during the oscillation of a limb, reducing the effort required to actively

brake and accelerate the limb with muscles (Fig. 5.1D) [165,166,167,168,169,170,173].

Interestingly, recent work both in simulation [97] and in experiments with a hip-

mounted metal torsional spring device [15] suggest that the savings resulting from

assisting swing in humans are comparable to those seen when assisting stance. This

is despite the fact that the energy expenditure associated with stance is an order of

magnitude larger [154]. Moreover, the savings associated with assisting swing may

actually exceed the expected expenditure associated with swing [154], suggesting that

the mechanism of savings when assisting swing is not understood.

Here, we first test if a simple spring, or ‘exotendon,’ connecting the legs of a
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human can reduce whole-body metabolic energy expenditure during running. Next,

to elucidate the underlying mechanism of savings, we test the hypothesis that applying

moments to assist moving the legs back and forth during swing may in fact reduce

costs associated with performing work on the center of mass, incurred during the

stance phase of gait (Fig. 5.2). This hypothesis can be explained as follows. During

natural running, we expect certain costs to increase with increasing stride frequency,

such as costs associated with swinging the legs back and forth at rates higher than

the natural frequency [174, 175]. Other costs we expect to decrease, such as costs

associated with performing mechanical work on the center of mass, to redirect the

body in both the vertical and fore aft directions [175,176,177]. Therefore, the optimal

stride frequency is dictated by a tradeoff between the marginal costs of each. We thus

hypothesize that when a device assists leg swing to reduce energy expenditure at a

higher stride frequency, the optimal stride frequency will increase. Adopting this new

higher stride frequency will reduce costs that decrease at higher stride frequencies,

such as redirecting the body during stance.

5.2 Materials and Methods

5.2.1 Device design

We constructed our exotendons out of natural latex rubber surgical tubing (hollow

cylindrical tubing, 0.95 cm outer diameter, 0.64 cm inner diameter). Each exotendon

consists of a single length of tubing with a 1 cm loop at each end for attachment

purposes. To make each loop, we folded the tubing, stretched the loop by hand, and

wrapped the looped tubing tightly with electrical tape. Once released, the forces

provided by Poisson expansion of the tubing supplement the adhesive, forming a

secure connection. We then attached each loop to a 1.6 by 0.5 cm s-shaped stainless-

steel carabiner that was clipped to the shoelaces of each participant. The length

of each exotendon from end to end of each attachment loop was set to 25% of the

participant’s leg length, measured as the distance from the top of the anterior superior

iliac spine to the medial malleolus of the ankle. Through pilot testing, we found that
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Figure 5.2: Exotendon hypothesized mechanism of savings. A. Runners
choose an energetically optimal stride frequency (dark-red circle), which results from
a combination of processes that require more energy with increasing stride frequency,
such as leg swing (dark-red thin line), and those that require less energy with in-
creasing stride frequency, such as the work performed to redirect the center-of-mass
during stance (black thin line). We hypothesize that the exotendon shifts the leg
swing curve rightward (light-red thin line), increasing the optimal stride frequency,
and reduces total energy expenditure (including expenditure associated with work
on the center-of-mass). B. Note that at this new optimal stride frequency, the costs
associated with performing work on the center-of-mass can be reduced by an amount
that is comparable to, or even exceeds, reductions associated with swinging the legs.
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Figure 5.3: Time-lapse photographs of a runner using the exotendon. The
length of the exotendon is tuned so that the device is long enough that it does not
apply forces when the feet cross each other and does not break when the feet are far
apart, yet short enough that it does not become entangled when the feet pass each
other. Images span one complete gait cycle.

this length was long enough to avoid breaking and short enough to avoid tripping

during running. As this work was our first proof-of-concept for the device, we did

not develop a systematic method for determining the optimal stiffness of the device.

Instead, we heuristically chose a single stiffness for the device that was stiff enough

in piloting to exert noticeable assistive forces, yet compliant enough that it did not

highly constrain gait. An exotendon device is shown in Fig. 5.3.

Designing devices that reliably and accurately apply forces to the human body

is a challenge. It often requires overcoming a myriad of difficulties including: align-

ing device and joint axes [178], limiting added mass and materials to the body, and

comfortably transferring force from rigid devices to often soft and deforming body

segments [179]. While we could have designed our device to attach more proximally,

at the knee or hip for example, we found in piloting that the aforementioned chal-

lenges could be largely avoided by affixing our device to the shoes. In addition,

attaching more distally on the leg offered two further advantages. First, due to a

longer moment arm about the hip, the forces necessary to provide assistive moments

to the limb were smaller than if the attachment points were more proximal. Second,

more distal placements ensure the line-of-action of the spring is predominantly along

the flexion-extension axis of the hip, minimizing adduction moments on the leg. We

note Nasiri et al. [15] have created an effective hip-mounted device, although the

current, largely metal, design must contend with the challenges of added mass and

comfortably transferring force from the device to the user.
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5.2.2 Device characterization

To determine the force-length relationship of our device, we applied six known forces

to one end of a 23 cm exotendon five times each using a pull-linear scale while the other

end was fixed. At the same time, the length was recorded with a motion capture sys-

tem at 270 Hz (Impulse X2E, PhaseSpace, San Leandro, CA, USA). We insured that

the displacements achieved exceeded 30 cm (that expected during exotendon running

at our experimental speeds). We then fit a linear model to the force-displacement

data using least squares regression and computed the coefficient of determination.

We found that the forces applied by the exotendon vary nearly linearly with displace-

ment. A linear model fit to the recorded force-displacement data (Fig. 5.4) was able

to account for most of the variance (R2 = 0.96).

To determine how much of the energy stored in a stretched exotendon is returned,

we suspended a 2.3 kg mass from one end of a 30 cm exotendon with its other end

fixed to a table. We stretched the exotendon to 70 cm (for 40 cm of displacement

beyond its free length) and after releasing, measured displacement. We computed the

stored potential energy in the stretched exotendon and the gravitational potential

energy at the apex of the motion. Comparing these two values gave an energy return

of 97%.

5.2.3 Participants

A total of 19 healthy young adults, with no known musculoskeletal or cardiopul-

monary impairments, participated in the study (8 females; age: 24.9±2.7 years;

height: 174.4±6.9 cm; mass: 67.3 ± 11.0 kg). The study was approved by the Stan-

ford University ethics board and all participants provided written informed consent

prior to testing.

5.2.4 Experimental protocols

We conducted four separate experiments to: determine if the exotendon improves

running economy (Experiment 1), test for the possibility of a placebo effect (Exper-

iment 2), investigate the mechanism of energy savings (Experiment 3), and test the
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safety of the device during over-ground running (Experiment 4).

Experiment 1 – Running economy

To determine if the exotendon improves running economy, we conducted an exper-

iment to compare metabolic energy expenditure with and without the exotendon.

Twelve participants (5 females; age: 24.7±2.9 years; height: 177.0±6.7 cm; mass:

69.3±11.4 kg) completed a two-day running protocol. On the first day of testing, we

measured participants’ leg lengths and constructed personalized exotendons (25% of

leg length). Participants were told that the exotendon was designed to improve run-

ning efficiency and were told to ‘relax into running with the device’ and try to ‘think

about something else’ while running. The exotendon was then attached to the par-

ticipant’s shoes (see Device design for attachment location rationale). To habituate

participants to the device, they completed a minimum of four 15 m over-ground walk-

ing and running trials until they verbally confirmed they were comfortable walking

and running with the exotendon. Participants were then instrumented with indirect

calorimetry equipment (Quark CPET, Cosmed, Rome, Italy) and completed a 5-

minute quiet standing trial, during which baseline metabolic energy expenditure was

measured. Participants then completed four 10-minute runs, with 5-minute rests be-

tween each, on a treadmill (Woodway, Waukesha, WI) at 2.67 m/s (10 minutes/mile).

Though slow for competitive runners, this pace allows a larger pool of potential par-

ticipants than a faster pace and is similar to that used in other studies of assistive

devices for running [15, 16]. The runs alternated between ‘natural running’ (without

an exotendon) and ‘exotendon running’ (with an exotendon), with the first running

condition randomly assigned. The second day of testing was identical to the first for

each participant. We define a trial as the comparison between consecutive natural

and exotendon runs resulting in four trials over the two-day experiment. During runs,

we recorded sagittal plane video, which we later used to determine runners’ stride fre-

quencies. However, in 5 of 12 participants, due to equipment availability, we recorded

stride frequency using an accelerometer (Trigno IM, Delsys Inc., Natick, MA, USA)

mounted on the dorsal surface of the foot.
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Experiment 2 – Placebo effect

To determine if a placebo effect could explain the changes in running economy ob-

served in Experiment 1, we conducted a separate experiment to compare metabolic

energy expenditure during running with and without a placebo exotendon. Four näıve

participants (2 females; age: 24±2.2 years; height: 168.3±2.5 cm; mass: 60.1±10.8

kg) completed a two-day running protocol that was identical to Experiment 1. The

only difference was that participants ran with an exotendon that had a stiffness two

orders of magnitude lower than the original exotendon (5 N/m versus 120 N/m, re-

spectively), and therefore provided negligible assistive moments to the limbs. The

length of each placebo exotendon was still set to 25% of participant leg length.

Experiment 3 – Mechanism

To investigate how the exotendon reduces energy expenditure, we conducted an ex-

periment to test how running mechanics, energetics, and muscle activity change dur-

ing exotendon running. Four participants (2 females; age: 25.0±1.6 years; height:

179.5±7.4 cm; mass: 75.3±13.7 kg), randomly selected from the 12 that participated

in Experiment 1, completed an additional third day of testing. During this test-

ing day, kinematic, kinetic, electromyographical (EMG), and metabolic data were

recorded during running with and without the exotendon at a range of stride fre-

quencies.

All runs were completed at 2.67 m/s on an instrumented treadmill (Bertec Corpo-

ration, Columbus, OH, USA) to allow for collection of ground reaction forces (2000

Hz). Kinematic data were recorded at 100 Hz using a 9-camera optical motion track-

ing system (Motion Analysis Corporation, Santa Rosa, CA, USA). Anatomical re-

flective markers were placed bilaterally on the 2nd and 5th metatarsal heads, cal-

canei, malleioli, femoral epicondyles, anterior and posterior superior iliac spines, and

acromion processes, as well as on the C7 vertebrae. An additional 16 tracking mark-

ers, arranged in clusters, were placed on the shanks and thighs of both legs. Markers

on the medial malleoli and femoral epicondyles were removed following the static

trial. EMG data were recorded (Trigno IM, Delsys Inc., Natick, MA, USA) at 2000
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Hz from the following 15 muscles of a single limb: peroneus, soleus, medial and lat-

eral gastrocnemii, tibialis anterior, medial and lateral hamstrings, gluteus medius and

maximus, vastus lateralis and medialis, rectus femoris, sartorius, adductor group, and

iliopsoas. EMG electrodes were placed in accordance to SENIAM guidelines [180].

Metabolic power was measured using indirect calorimetry (Quark CPET, Cosmed,

Rome, Italy).

To warm up, participants ran without an exotendon for 5 minutes on the treadmill.

Next, participants completed a series of maximum voluntary contractions (MVCs)

for later normalization of EMG signals. These MVCs included five maximum height

jumps and five sprints [181], in addition to one isometric and three isokinetic maxi-

mum contractions of the hamstrings, adductor group, tibialis anterior, peroneus, hip

flexors (with both a flexed knee and extended knee), and hip abductors. We then

recorded motion capture marker positions and ground reaction forces during a static

standing trial for later scaling of a musculoskeletal model. As in Experiment 1, par-

ticipants were habituated to the device through a series of over-ground walking and

running trials. Participants were then instrumented with indirect calorimetry equip-

ment and a 5-minute quiet standing trial was recorded to capture baseline metabolic

energy expenditure.

Participants then completed two 7-minute runs, one ‘natural running’ (without an

exotendon) and one ‘exotendon running’ (with an exotendon), with a 5-minute rest

between and the order randomly assigned. Kinematic, kinetic, EMG, and metabolic

data were recorded. Self-selected stride frequency was computed during the last

minute of each run from the instrumented treadmill force signals with a custom

Matlab script (Mathworks Inc., Natick, MA, USA). We will refer to these self-selected

stride frequencies as natural self-selected stride frequency and exotendon self-selected

stride frequency.

To investigate how the relationship between stride frequency and metabolic power

changed when running with an exotendon, participants next completed six addi-

tional 7-minute runs during which step frequency was prescribed using an auditory

metronome, along with visual cues provided by a monitor in front of the treadmill.
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Participants ran at three prescribed stride frequencies during both natural and exoten-

don running. For the natural running conditions, the following three stride frequencies

were prescribed: i. the participant’s natural self-selected stride frequency; ii. the par-

ticipant’s exotendon self-selected stride frequency, which was higher than the natural

self-selected stride frequency; and iii. a stride frequency lower than the natural self-

selected stride frequency. The change from the natural self-selected stride frequency

to the lower stride frequency was set to the percent difference between the natural

self-selected stride frequency and the exotendon self-selected stride frequency. For the

exotendon running conditions, the following three stride frequencies were prescribed:

i. the participant’s exotendon self-selected stride frequency; ii. the participant’s

natural self-selected stride frequency; and iii. a stride frequency higher than the exo-

tendon self-selected stride frequency. The change from exotendon self-selected stride

frequency to the higher stride frequency was similarly set to the percent difference

between the natural self-selected stride frequency and exotendon self-selected stride

frequency.

Experiment 4 – Over-ground test

To test whether the exotendon can safely be used in the real-world, we conducted

an experiment to monitor fall risk during outdoor running. Four participants (2 fe-

males; age: 27.8±1.3 years; height: 172.6±6.1 cm; mass: 66.7±8.0 kg), who had

previous experience with the exotendon through pilot testing or participation in Ex-

periment 1, ran with a modified exotendon for 6 km on suburban streets along with

the experimenter. The modified exotendon, which attached directly to the ankle via a

compression brace, was reported to be more comfortable than the original exotendon,

which attached directly to the shoelaces. Moving the attachment point off the shoes

also reduced wear of the shoelaces caused by sliding of the carabiner. This small

change in attachment point was not expected to have a significant effect on running

economy. The number of tripping and falling incidents were recorded.
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A note on device optimization

In supplementary pilot experiments (not presented here), we did attempt to perform

human-in-the-loop optimization to determine the optimal exotendon length and stiff-

ness. Four participants (two who had previously completed Experiment 1 and two

näıve participants) completed a protocol similar to that described in Zhang et al. [13].

We were unable to identify length and stiffness combinations with better performance

than our standard device in the four pilot participants. One possible explanation is

that our chosen device parameters were indeed near optimal. Another possible ex-

planation is that participants were more risk averse in running with our device and

thus adopted control strategies that prioritized stability (not falling) over efficiency.

Parsing the different effects of human-in-the-loop optimization is left for future work.

5.2.5 Data analysis

Experiment 1 – Running economy

Metabolics. We computed the gross metabolic power (energy expenditure) from

indirect calorimetry [182] by averaging data from the last two minutes of each exper-

imental run. Baseline metabolic power, calculated as the average metabolic power

during the last two minutes of the rested standing trial, was subtracted from our

gross metabolic power measures to get net metabolic power during each run. We

then computed the percent change in net metabolic power, from natural running to

exotendon running for each of the four trials. We then used two-tailed, one-sample t-

tests, with a Holm-Šidák correction, to determine if percent changes in net metabolic

power were significant.

Stride frequency. We manually determined average stride frequency from video

recordings by counting the strides taken and dividing by the time elapsed. When

foot mounted accelerometers were instead used to compute stride frequency, we band-

pass filtered accelerometer data (4th order, zero-phase shift Butterworth, 2-20 Hz),

summed the X, Y and Z accelerations, identified peak accelerations, and computed

stride frequency as one over the average time between peaks. Average stride frequency

measures were not statistically different between the two measurement methods.
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Experiment 2 – Placebo effect

Metabolics. We performed the same metabolic analyses as described in Experi-

ment 1.

Experiment 3 – Mechanism

Metabolics. We performed the same metabolic analyses as described in Experi-

ment 1 to determine the average net metabolic power for each run. To determine

the effect of altering stride frequency, we computed the percent change in average

net metabolic power for each enforced stride frequency, both with and without an

exotendon, relative to natural running (without an exotendon and with no enforced

stride frequency). For each participant, we then used least squares regression to find

the best-fit quadratic curves relating net metabolic power to stride frequency for

both exotendon and natural running. We then calculated the stride frequencies at

the minima of the natural running and exotendon running best-fit curves, which we

will refer to as the natural optimal stride frequency and the exotendon optimal stride

frequency, respectively. To determine if the exotendon shifted the optimal stride fre-

quency, we performed two-tailed paired t-tests comparing exotendon optimal stride

frequency to natural optimal stride frequency. Using all participant data, we also

solved for best-fit quadratic curves relating net metabolic power to stride frequency

for both exotendon and natural running, and calculated the 95% bootstrap confidence

intervals for these across participant curves. Note that each quadratic curve is fit to

only three data points. While this is an overfit to our data, we have chosen to do so

because previous studies have shown that running metabolic cost varies quadratically

with stride frequency [177, 183, 184]. The curve fits are only used to interpolate the

stride frequency associated with the minimum metabolic cost.

Musculoskeletal modeling. Joint-level kinematics, kinetics, and mechanical

powers were computed using a modified musculoskeletal model [185] in OpenSim

3.3 [186]. Of the original 37 model degrees of freedom, we locked 18 including ankle

eversion, toe flexion, and all those associated with the arms, leaving us with a 19

degree-of-freedom model. We generated subject-specific models by scaling the generic
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model to match the anthropometry of each subject during a standing static trial.

For scaling, ankle and knee joint centers were calculated as the midpoint of the

calcanei markers and femoral epicondyle markers, respectively, while the hip joint

centers were calculated using a regression model based on the marker positions of the

posterior and anterior superior iliac spines [187]. After low-pass filtering the marker

positions at 15 Hz (4th order, zero-phase shift Butterworth), we computed joint angles

using the OpenSim inverse kinematics tool. This tool uses a weighted least squares

algorithm to pose the model in a way that minimizes the error between model and

experimental marker locations. Joint moments were computed using the OpenSim

inverse dynamics tool, which uses ground reaction forces and moments, joint angles

from inverse kinematics, and classical equations of motion to solve for intersegmental

moments. The joint angles used as input were low-pass filtered at 15 Hz (6th order,

zero-phase shift Butterworth), and ground reaction forces and moments were low-pass

filtered at 15 Hz (4th order, zero-phase shift Butterworth).

We modeled the exotendon in OpenSim as a linear path spring with a deadband

range equal to its slack length. Though no real material behaves as a perfect linear

spring, we determined in benchtop tests that the stiffness of our device is roughly

linear (R2 = 0.96) and returns 97% of the energy stored in it. The spring forces were

applied to the calcaneous body of each foot at the location of the band attachment

marker from the static trial. The length and stiffness of the modeled exotendon

was scaled for each participant. Inverse dynamics were first computed without the

modeled exotendon to determine the total joint moments required to produce the

resultant motion and ground reaction forces, referred to as exotendon running total

moments. Inverse dynamics were then recomputed with the modeled exotendon for all

exotendon runs to determine the moments produced solely by biological muscle and

tissue, referred to as the biological moments. The moments applied by the exotendon

were computed as the difference between the exotendon running total moments and

biological moments, referred to as exotendon moments. Powers were then computed

at each joint by multiplying moments by angular velocities.

Participants’ average joint angles and moment as a function of gait cycle for

the hip, knee and ankle were calculated from the last minute of each run. To do
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this, we averaged across strides after normalizing each stride time to 100% gait cycle,

computed as the time from heel strike to subsequent heel strike on a single leg. Strides

were excluded from these average trajectories if the value of the measure exceeded 5

standard deviations from the mean at any time point in the stride. This resulted in

the removal of 3% of strides on average for all runs and participants. Joint powers

were then computed from the averaged joint angles and moments for each participant.

Joint powers and moments were then normalized to body mass and across-participant

average trajectories were computed.

We next computed the average absolute natural running and exotendon running

moments and powers (both biological and exotendon) during the stance and swing

phases of gait. We note that because these values are time averaged, the relative

length of the stride does not affect their magnitude. We tested for differences between

natural running and exotendon running (again, both biological and exotendon) using

two-tailed paired t-tests with Holm-Šidák corrections.

We performed these analyses, comparing joint moment and powers during the

swing and stance phases of gait both with and without the exotendon, as a means

of estimating effort during each phase. Metabolic power, measured using indirect

calorimetry, is our most direct measure of energy expenditure, but cannot be used

to distinguish stance and swing expenditures; their effects are intermingled during

the long sampling period of indirect calorimetry. Instead we analyzed the mechanical

requirements of the body (joint moments) during each phase of gait. Previous studies

have shown strong correlations between metabolic power and joint moment [188], but

we note that reduced joint moments do not guarantee reduced metabolic rate [189].

Electromyography. Electromyograms from each muscle were bandpass filtered

at 30-500Hz (4th order, zero-phase shift Butterworth), rectified, and then low-pass

filtered at 6Hz (4th order, zero-phase shift Butterworth) to create linear envelopes.

Envelopes were then normalized to the peak signal from the MVCs [181] to compute

muscle activities. We then averaged muscle activities across strides from the final

minute of each run, then normalized to 100% of the gait cycle. Strides in which the

muscle activities exceeded 5 standard deviations from the mean for any time point

were excluded from the average curve. All remaining EMG signals were visually
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examined and excluded if they appeared corrupted. Overall, 8% were excluded, with

no bias towards exotendon or natural running. All processing was performed using

custom Matlab scripts. We also computed average muscle activities during the stance

and swing phase of gait, both for natural and exotendon running. We used two-tailed

paired t-tests with Holm-Šidák corrections to compare activity during natural and

exotendon running, during both stance and swing.

5.3 Results

5.3.1 Experiment 1 – Running economy

We found that connecting the legs of a running human with a simple spring improved

running economy by 6.4±2.8% (n=12, p=6.9x10-6, one-sample t-test, Fig. 5A). Dur-

ing the first trial of the first day, participants showed no metabolic savings when

running with an exotendon compared to natural running. However, by the end of

the second trial, participants were expending 3.8±5.4% less energy during exoten-

don running compared to natural running (n = 12, p = 0.034, one-sample t-test).

Metabolic savings continued to increase on the second testing day, with all partici-

pants achieving savings by the end of the second trial of the second testing day. By

the end of our protocol, stride frequency increased by an average of 7.7±3.5% when

wearing an exotendon (n=12, p = 1.1x10-5, paired t-test, Fig. 5B).

5.3.2 Experiment 2 – Placebo effect

The placebo exotendon did not improve running economy (n=4, p=0.88, one-sample

t-test, Fig. 5.5).

5.3.3 Experiment 3 – Mechanism

The exotendon significantly increased the optimal stride frequency (+8.1%,

p=3.7x10−3, n=4, paired t-test, Fig. 5.6), and all participants adapted toward

the new optimum. The exotendon reduced biological hip and knee moments during
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Figure 5.4: Reduced energy expenditure during exotendon running
(n=12). A. On day 1, runners initially showed no change in energy expenditure
(trial 1), yet showed reductions after running with the exotendon for 15-20 minutes
(trial 2). Runners retained these savings across days (trial 3). After a total of 35-40
minutes of experience with the exotendon across both days, the greatest reductions in
energy expenditure were evident (trial 4), with all runners (n=12) showing improved
economy and average savings of 6.4±2.8%. Error bars represent one standard de-
viation. Asterisks indicate statistical significance after Holm-Šidák corrections with
confidence level α=0.05. B. By the final trial participants took shorter, faster strides
with the exotendon, increasing stride frequency by an average of 8% above that mea-
sured during natural running (p=1.1x10−5 two-tailed paired t-test, n=12).
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Figure 5.5: Placebo test results (n=4). Four participants completed the same
protocol as the main experimental group, but were given an exotendon with stiffness
less than 5% that of a normal exotendon. These participants showed no change in
running economy, relative to natural running, with the placebo exotendon (two-tailed
one-sample t-tests). Error bars represent one standard deviation.
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Figure 5.6: Effect of stride frequency (n=4)., In experiments, the exotendon
increased the energetically optimal stride frequency (8.1%, p=3.7x10−3, paired t-test,
n=4). Faded regions show the 95% confidence interval of curve fits.

swing (p=2.3x10−3, 2.5x10−3, respectively, paired t-test) and stance (p=4.1x10−3,

8.1x10−5, respectively, paired t-test) (Fig. 5.7, Fig. 5.8 and Fig. 5.9). Interestingly,

average knee moments during stance decreased (p=4.4x10−4, paired t-test), even

when the exotendon was applying negligible moments, likely because runners adopted

a higher stride frequency, as our hypothesis suggests. In addition, biological joint

powers at the knee decreased during swing and stance (p=7.7x10−3, 1.7x10−3, respec-

tively, paired t-test, Fig. 5.8), as did ankle joint power during stance (p=8.4x10−3,

paired t-test, Fig. 5.8). Corresponding reductions in muscle activities were not

significant, possibly due to the low signal-to-noise ratio (Figs. 5.10 and 5.11).

5.3.4 Experiment 4 – Over-ground test

To test the safety and potential real-world applicability of our exotendon, four par-

ticipants each ran 6 km on city streets with a modified exotendon (see Materials and

Methods, Experiment 4); no tripping incidents occurred.
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Figure 5.7: Mechanical requirements (n=4). Biological moments during swing
were reduced, likely due to the assistance of the exotendon, and biological moments
during stance were reduced, possibly due to the increased stride frequency. Note
that horizontal forces applied by the exotendon to the stance foot likely do not affect
the joint moments of that leg, because they are reacted by frictional forces with the
ground. However, the exotendon forces applied to the swing leg may indirectly affect
the joint moments of the stance leg through the hips.
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solute joint moments and powers across stance and swing for the four participants
from Experiment 3. We compared moments and powers produced during natural
running (dark red) to those produced during exotendon running. Average kinetics
during exotendon runs were separated into the exotendon contribution (blue) and the
biological contribution (light red). We report the p-values resulting from two-tailed
paired t-tests comparing biological contributions to kinetics in natural and exotendon
running below the axes (light red text) and comparing total kinetics in natural and
exotendon runs above the bars (light blue). Asterisks indicate comparisons that were
significant after Holm-Šidák corrections (alpha = 0.05). When running with the exo-
tendon, during swing, hip, knee and ankle biological moments are reduced compared
to natural running, as is knee power. During stance, hip and knee biological moments
are reduced, along with knee and ankle powers.
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Figure 5.10: Muscle activity (n=4). Average muscle activity for each participant
(thin traces) and across participants (solid lines) for natural running (dark red) and
running with the exotendon (light red) as a function of gait cycle. The vertical dashed
lines indicate the average time at which the toe lifts off the ground during exotendon
running (light red) and natural running (dark red).
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Figure 5.11: Average muscle activity (n=4). Comparisons of average, nor-
malized muscle activity, computed from EMG recordings, across stance and swing
phases of gait. Statistical comparison (paired t-test with Holm-Šidák corrections, α
= 0.05) revealed no significant changes in muscle activity as a result of running with
the exotendon.
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5.4 Discussion

We found that a simple spring connecting the legs of a running human can improve

overall economy. Moreover, the exotendon appears to not simply reduce the cost of

swinging the limbs. Instead, we found that savings are the product of a complex

interaction between the mechanics of the simple device and the adaptive strategies of

the runner. We show that the exotendon increases the energy optimal stride frequency,

which runners then adopt. At this new stride frequency, the mechanical work of

redirecting the center of mass during stance is reduced—shorter strides result in a

reduction of biological joint moments and powers. This suggests that the metabolic

cost associated with this mechanical work is reduced, and the overall improvement

of economy is not derived solely from reducing the cost of swinging the legs. Our

findings help explain why devices designed to assist the low expenditure costs of leg

swing [15], yield greater improvements in overall running economy than those that

directly assist the larger costs of redirecting the center of mass and supporting the

bodyweight [164].

Stated more generally, during natural running, low-expenditure components can

have high expenditures when a gait parameter (such as stride frequency) is changed

outside of the preferred range. These sharp increases in expenditure (the marginal

costs) act as a constraint, preventing adjustment to the gait parameter. During

assisted running, this constraint is relaxed, freeing the runner to reduce expenditures

associated with the high-expenditure components of gait (such as center of mass

redirection) and achieve more efficient gait patterns overall. Critically, the associated

savings can be large—much larger than would be expected from savings directly

associated with a low-expenditure component of gait (Fig. 5.2).

A primary limitation of our study is the difficulty of disentangling, and quantify-

ing, costs associated with one component of gait from another during human running.

In particular we refer to two costs. One is the cost associated with performing work to

re-direct the center of mass both vertically and fore-aft, which we expect to primarily

occur during the stance phase of gait and expect to decrease with increasing stride

frequency (or decreasing step length). The other is the cost to move the legs back and
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forth during the swing phase of gait, which we expect to increase with increasing stride

frequency. While there is a body of modeling and experimental evidence to broadly

support the importance and tradeoff of these two competing costs [175,176,177,188],

in reality they cannot be measured in isolation. For example, at higher step frequen-

cies we also expect greater ‘force rate costs.’ This cost is associated with more rapidly

turning muscles on and off, with the more rapid activation cycling hypothesized to

require more costly calcium pumping [174, 188, 190]. This cost would be incurred by

muscles involved in center of mass redirection and body weight support, as well as

muscles responsible for swing. Although joint moments and powers were reduced dur-

ing both stance and swing, this does not directly map to reductions in cost because

of complications like force-rate costs, as well as other considerations such as biologi-

cal tendon energy storage and return, or isometric force production. Notably, we do

not expect force rate costs to negate our proposed mechanism of savings. Even in its

presence, our results are consistent and compatible with our hypothesized mechanism

of savings (Fig. 5.12).

Adding to the challenge of disentangling costs was the limitation that we did

not find significant changes in muscle activity, despite reductions in metabolic and

mechanical powers during exotendon running. A similar study was also unable to

verify changes in muscle activity while testing an exosuit that improved running

economy by 5% in 8 participants [16]. This apparent discrepancy in our study is likely

due to the distribution of the exotendon’s effect on metabolic power consumption

across a large number of muscles. This diluted effect might be difficult to verify in

EMG signals with relatively high variability. Additionally, recorded muscle activity

may not have changed despite decreased joint moments if changes occurred in non-

superficial muscles unmeasurable with surface EMG [191,192,193].

An open question is whether our device would be more or less effective at higher

running speeds. Our current study was conducted at one, relatively slow, speed.

At higher running speeds the amplitude and frequency of leg swing increase [194]

leading to greater leg swing costs [188] that the device may help offset. However, at

the same time, the marginal costs associated with the work to redirect the center of

mass and force rate costs would likely change with running speed, making the net
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Figure 5.12: Exotendon hypothesized mechanism of savings including
‘force rate’ costs. The total energetic cost (bold, dark red line) comprises costs
that increase with stride frequency (thin, dark red line), and costs that decrease with
stride frequency (thin, black line). The increasing costs can be broken into subcom-
ponents, here force rate costs (long dashed, dark red line) and swing costs (short
dashed, dark red line), although others could be added as well. When the exotendon
assists leg swing, the swing costs subcomponent line shifts (short dashed, light red
line). This in turn shifts the net increasing costs line (thin, light red line), resulting
in a new total energy curve (bold, light red line), and a new the optimal stride fre-
quency (vertical, dashed light red line). The operating points on the curves of both
the increasing costs and decreasing costs (Point B) as well as on the total energy
expenditure curve (Point A) shift down and to the right with the exotendon, as does
Point D (the operating point on the curve of the swing costs subcomponent of the
increasing costs). The net savings in energy expenditure occurs despite Point C (op-
erating point on the curve of the force rate costs) shifting up and to the right. Thus,
even though some costs might increase with adaptation to the exotendon, decreases
in other costs can result in net savings.
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effect unclear. To further complicate the situation, other kinematic changes occur

at high speeds. For example, during natural running at faster speeds greater knee

bend is evident at the rearward extent of leg swing, reducing the leg’s moment of

inertia about the hip and potentially reducing swing costs. The exotendon may in

fact hinder this more exaggerated knee bend at higher speeds, leaving the net effect on

leg swing costs uncertain. Although the effect of our device at faster running speeds is

somewhat unclear, the improvement in economy at the tested speed does imply that

recreational runners may be able to run faster and further with our device. A runner,

with a natural pace of 2.7 m/s and a marathon finishing time of 4:20, could expect

a 6% improvement in economy with our device, theoretically leading to a decrease in

their finishing time to around the 4 hour mark [20].

Our study shows how a spring designed to assist leg swing can significantly im-

prove human running economy through a complex mechanism of savings. The device

changes the relationship between stride frequency and energy expenditure, driving

the runner to discover new locomotor strategies. This change in turn reduces the me-

chanical work the runner does to both swing the legs and redirect the center-of-mass,

resulting in overall greater efficiency than anticipated. Our exotendon could serve as

an affordable and low-tech assistive device to improve human running performance,

or a simple and robust intervention to further explore the complexities of human gait

and human-machine interactions. More broadly, our study shows that a simple device

can create unexpected and complex interactions between the dynamics of the body

and the adaptive strategies of the individual—an important reminder for all who seek

to augment humans.



Chapter 6

Conclusion

In this thesis, I describe new exosuit actuators and exoskeletons that are designed to

use a minimal set of inexpensive components with the aim to reduce one of the primary

barriers to exoskeleton access: cost. Cost limits access to exoskeleton devices, which

limits both the real-world usefulness of exoskeleton robots and research progress in

developing exoskeletons for new applications or validating their usefulness in domains

such as stroke recovery. Rather than attempting to design multipurpose tools that

aid human operators in accomplishing a range of tasks, I use insights from human

neuromechanics to assist with movement subtasks, such as supporting the arm against

gravity or swinging the legs. Chapter-wise contributions are as follows:

• Chapter 2: We described in detail a new type of exosuit actuator designed

specifically to actuate shoulder abduction, which is commonly associated with

reduced reachable workspace in stroke survivors. This exosuit actuator lifts

the arm from below using pushing forces rather than pulling from above with

tensile elements or directly applying bending moments. We characterized this

actuator on the benchtop and in healthy human subjects to demonstrate its

effectiveness. We then performed one of the fist pilot studies in a stroke survivor

of an upper extremity exosuit and demonstrate that reachable workspace

is increased with our actuator. The material cost of our actuator is less

than 20 USD. While no upper extremity exosuits are commercially available,

some lower extremity offerings for walking cost approximately 30,000 USD.

100
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• Chapter 3: We described in detail an updated design for our exosuit ac-

tuator to actuate shoulder abduction, based on a new class of growing

robots [106, 107]. We demonstrated in healthy operators that the exosuit ac-

tuator provides the intended support without interfering with other joints. We

then demonstrated increased reachable workspace in 4 out of 6 stroke sur-

vivors using this type of support, and provided data supporting the hypothesis

that abnormal activation of the flexor synergy causes reduced upper extremity

workspace. We repeated these assessments using a ceiling-mounted device as

a positive control and found much better performance using the positive con-

trol. This inconsistency demonstrates that two devices can show the same

outcomes in healthy users but very different outcomes in the target

impaired population. Many similar studies test only in healthy users to vali-

date their designs; we contribute data that cautions against extrapolating these

results to stroke survivors.

• Chapter 4: We described in detail a passive exoskeleton to assist shoul-

der abduction. We characterized the new exoskeleton on the benchtop and in

healthy operators, demonstrating that the exoskeleton provides the intended

assistance without impeding range of motion in any other upper ex-

tremity joint. We also presented a protocol for assessing this exoskeleton’s

usefulness in aiding stroke survivors with activities of daily living, rather than

specialized subtasks such as reachable workspace area. The material costs of this

exoskeleton were less than 100 USD, while similar commercially available pas-

sive exoskeletons for industrial applications are typically priced between 5,000

and 8,000 USD. Because of its effectiveness, simplicity, and price point, this

design could be a powerful tool for studying the effects of gravity compensation

on stroke recovery with higher dosages than existing devices.

• Chapter 5: We described the design of an exotendon that demonstrably

improves human running economy by 6%, exceeding the performance of

many powered exoskeletal robots. We provided a theoretical biomechanical

framework that explains the mechanism of energetic savings. This
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framework predicted changes in mechanical effort required in specific phases of

gait that we verified. We also performed ancillary tests to demonstrate that

the benefits of our device are not due to the placebo effect and that it can be

effectively used in unstructured environments, such as suburban streets. Our

device is manufacturable for approximately 1 USD.

In this section, I compare the material cost of our designs to the retail price of

existing devices. The retail price of existing devices encapsulates the material cost as

well as logistics, labor, profit margins, marketing, legal, and other costs. The retail

price might also be driven by economic considerations. For instance, many devices

are designed for industrial use and a manufacturing company might be willing to pay

a higher price for an assistive device than an individual consumer. Without going

through the exercise of commercializing our devices, I can not accurately estimate the

ultimate retail price. I made an effort to limit the number and cost of the components

used in our designs for the sake of accessibility, but readers should be mindful of the

differences between material cost and retail price in our comparisons.

6.1 Limitations

Conducting studies involving human subjects using exoskeletal robots is difficult.

Exoskeletal robots are traditionally expensive to purchase, expensive to build, and

typically require specialized expertise to maintain, operate, or modify. Ensuring

safety of human operators in experimental devices and gathering requisite approvals

from ethical review boards takes time and effort. As a result, most studies investi-

gating exoskeletal robots or wearable assistive device studies consider small subject

populations (<15). While this number is typically sufficient to show some device

effect, it may not be sufficient to observe any side effects that might emerge with

greater dosage or in uncommon cases. A few studies have made the herculean effort

to examine larger subject numbers (>40) and comparatively large doses (>20 hours)

without reporting any unexpected ill-effects [46,104,105]. The long term and poten-

tial uncommon effects of the devices studied in this thesis are not knowable without

considerably more investigation.
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6.2 Future Work

Some devices might not be recognizable as exoskeletal robot analogs, even if they

perform similar functions. The exotendon described in Chapter 5 is one example of

a device that applies forces to the human hip to help swing the legs similar to the

exosuits developed by the Harvard Biodesign Lab [13,78] and the passive exoskeleton

presented by Nasiri et al. [15]. Because of the difference in form factor, our exotendon

might not be easily recognized as belonging to the same class of assistive devices,

even though it modifies the dynamics of the human body in the same way as passive

exoskeletons. These simple passive devices might be the most likely form of exoskeletal

robot to achieve widespread adoption. The Nike Vaporfly is one example of a device

that passively improves running economy [195] and likely running performance [20,

196] through subtle changes to limb mechanics. While few are likely to think of

exoskeletal robots while looking at this Nike shoe, it matches the performance of

powered exosuits for running assistance [78], is commercially available, and has been

used by thousands of professional athletes in competition [197]. The success of the

Nike Vaporfly suggests that at present and in the near future, simple passive devices

will be the most accessible and successful form of wearable assistive device.

While passive devices appear to be the answer for today, hybrid and low-power

devices might be a solution for tomorrow. Passive assistive devices modify the me-

chanical properties of the human body to be better suited for the intended task. For

example, the passive exoskeleton presented in Chapter 4 can be considered to reduce

the weight of the arm, reducing the biomechanical requirements on the muscles in

performing a given task. However, different mechanical properties may be desirable

when the human operator changes tasks. For instance, when lying down, the forces

exerted by our passive exoskeleton no longer oppose gravitational forces and may

interfere with accomplishing the next task. Some features from active exoskeletal

robots could be incorporated into the design of passive assistive devices to form hy-

brid devices that are capable of actively switching between modes or adapting the

assistance provided to suit changing needs [198, 199]. Similarly, some devices can

use a small amount of energy compared to the requirements of exoskeletal robots to
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stimulate muscles into action in humans [200] and other primates [201]. While this

approach likely would not reduce the metabolic effort required to accomplish a task

as the human muscle is the element performing the mechanical work, this approach

might aid certain motor impaired populations in controlling their limbs.

The use of hybrid and low-power exoskeletal robots will reintroduce the difficult

control challenges that are not present in passive devices. Because passive devices are

designed to mechanically alter the dynamics of the human operator, active control

is not needed and the control challenges discussed in Chapter 1.2.2 do not apply.

However, switching between tasks requires that the device can identify when a switch

is needed. Improving systems that automatically infer human intent and can control

an exoskeletal robot to work with the human will be important topics of continuing

research to make future hybrid and low-power exoskeletal robots tractable.

Ultimately, only powered exoskeletal robots may be suitable for some applications,

such as assisting patients with spinal cord injuries. Design iterations on complex

machines in which safety is paramount, such as exoskeletal robots, can be slow and

costly. To speed up the design process, high performance robot emulators are being

used to model candidate exoskeletal robots and rapidly test each candidate [13, 56].

These emulators can be combined with optimization algorithms to determine optimal

parameters for exoskeletal robot systems [13,202,203]. This approach will likely lead

to the fastest advancements in exoskeletal robot design in the near future.
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