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Chapter 1

Introduction

1.1 Wearable Assistive Devices

Wearable assistive devices, such as exoskeletons and prostheses, can assist human

movement to achieve a variety of goals such as: alleviating musculoskeletal disorders

and pain, compensating for a missing limb, improving performance, or reducing mus-

cular effort and fatigue [156, 47, 48, 140]. Wearable assistive devices are distinct from

traditional assistive devices (e.g. wheel chairs) because they are intended to be worn

by the user, and distinct from wearable devices (e.g. smart watches) because they are

designed to mechanically assist the user. In recent years, wearable assistive devices

have seen significant growth in funding, research and commercial/industrial/military

use [48]. Wearable assistive devices may be categorized as active (e.g. powered ex-

oskeleton with motors), passive (e.g. exoskeleton with springs) or quasi-passive device

(e.g. exoskeleton with springs and a low-power clutch). Powered wearable assistive de-

vices have the greatest capacity to restore function [142]; however, these devices are the

heaviest, most costly, most complex, and most difficult to control. Passive and/or quasi-

passive wearable assistive devices can partially restore or augment body function, with

less added weight (i.e. no large motors and batteries), less cost and less complexity. [111,

142]. Quasi-passive wearable assistive devices are particularly appealing because they

leverage passive mechanical elements (e.g. springs and dampers) with simple control

strategies (e.g. powered or passive clutching mechanisms to enable, disable or tune the

device [144, 39, 37, 126]) to provide selective assistance when it is needed by the user.

In my dissertation I focus on (i) the modeling, design and testing of a novel quasi-

passive exosuit to help reduce low-back muscle activity, fatigue and musculoskeletal
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load (which is a key risk factor underlying back pain and injury risk) during leaning

and lifting and (ii) on understanding how a quasi-passive ankle prosthesis affects sloped

walking for individuals with transtibial amputation.

1.2 Low Back Pain and Injury Risks

The primary focus of my research is wearable assistive devices that provide an assis-

tive torque to the user, to reduce muscle effort, fatigue, and musculoskeletal loading in

order to alleviate biomechanical risks factors associated with low back injury and pain.

Low back pain is experienced by an estimated 60-85% of adults within their lifetime

and is the leading cause of limited physical activity [71, 9, 53], the second leading cause

of missed work in the U.S. [131], and a significant economic burden [76]. Many biome-

chanics studies have shown that high (overloading) and/or repetitive (overuse) forces on

the biological tissues of the spine (e.g. muscles, ligaments, vertebrae and intervertebral

discs) are a major risk factor of back pain [80, 32, 5, 123]. The forces on these biological

tissues are primarily due to muscles that span the spine and create torques (e.g. during

lifting) over small biological moment arms (∼6cm) [19]. From a biomechanics perspec-

tive, wearable assistive devices (e.g. exoskeletons) apply joint torques which can reduce

loading on biological tissues [89], which is hypothesized to reduce the risk of low back

injury and pain [89]. The majority of wearable assistive devices for the low back have

an exoskeleton design that rely on rigid components (which are often bulky) and as a

result, often limit user mobility and device acceptance [12, 13, 26]. In my research I

explored a novel, textile-based exosuit for the low-back to overcome these limitations of

existing exoskeletons. Exosuits, similar to exoskeletons can provide torque assistance to

the users, but are distinct from exoskeletons because they mainly use soft components

rather than rigid components [91]. My scientific contributions include biomechanical

modeling, device design (patent-pending) and human subject experimentation with this

novel exosuit.
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1.3 Prosthetic Limitations and Gait Challenges for Individuals with Limb Loss

Another focus of my research is exploring the benefits of an adaptive prosthetic an-

kle for individuals with lower-limb amputation. As of 2005, lower-limb loss affected

over 1 million people in the United States, 60% of this population have major limb loss

(i.e. amputation above the knee, below the knee, or at the foot) [165]. The majority of

available prosthetic feet have a fixed ankle set-point, which can limit prosthetic ankle

range of motion during daily activities like walking [40]. Limited prosthetic ankle range

of motion may have detrimental effects such as, reduced walking speed, prosthetic-side

single-support time and reduced toe clearance [141, 143, 35]. Returning passive ankle

range of motion to individuals with lower limb amputation is possible with adaptive

prostheses such as the Össur Propriofoot. Previous studies have suggested that adaptive

prostheses can result in group-level changes in; kinetics and kinematics [51], limb sym-

metry [7], and metabolic cost [33]. However, prosthesis users are a highly heterogeneous

population, and group-level responses may not reflect the responses and preferences of

individuals [25, 127]. In this work I performed a subject-specific investigation with a new

commercially available adaptive prosthetic ankle, to explore how individuals respond to

the prosthetic ankle and to what extent these individual responses are reflected in the

group-level findings.
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Chapter 2

Feasibility of a Biomechanically-Assistive Garment to Reduce Low Back Loading

during Leaning and Lifting

2.1 Abstract

The purpose of this study was to design and fabricate a biomechanically-assistive gar-

ment which was sufficiently lightweight and low-profile to be worn underneath, or as,

clothing, and then to perform human subject testing to assess the ability of the garment

to offload the low back muscles during leaning and lifting. We designed a prototype gar-

ment which acts in parallel with the low back extensor muscles to reduce forces borne

by the lumbar musculature. We then tested 8 healthy subjects while they performed

common leaning and lifting tasks with and without the garment. We recorded muscle

activity, body kinematics, and assistive forces. The biomechanically-assistive garment of-

floaded the low back muscles, reducing erector spinae muscle activity by an average of

23-43% during leaning tasks, and 14-16% during lifting tasks. Experimental findings in

this study support the feasibility of using biomechanically-assistive garments to reduce

low back muscle loading, which may help reduce injury risks or fatigue due to high or

repetitive forces. Biomechanically-assistive garments may have broad societal appeal as

a lightweight, unobtrusive and cost-effective means to mitigate low back loading in daily

life.

2.2 Introduction

Low back pain is a disabling condition experienced by an estimated 60-85% of adults

within their lifetime [9, 53, 71]. Low back pain is the leading cause of limited physical

activity [9], the second leading cause of missed work in the U.S. [131], and a significant
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economic burden. It is estimated to cost >$100 billion per year in the U.S. due to medical

expenses and lost worker productivity [76, 96]. The etiology of low back pain is mul-

tifactorial, but major risk factors include high (overloading) and/or repetitive (overuse)

forces on lumbar tissues (muscles, ligaments, vertebrae and intervertebral discs). Such

forces can occur during common daily activities such as leaning and lifting [19, 124,

102], in both occupational and non-occupational settings. Low back pain is particularly

common among individuals who perform heavy lifting [80, 32, 29, 46, 68]. Static bend-

ing and twisting postures, and to a lesser extent prolonged static work postures (e.g.,

leaning), have also been implicated as potential risk factors for low back pain [18]. Ele-

vated or even moderate loads applied repetitively to the lumbar spine can increase the

risk of low back pain [80, 32, 29, 97, 71], weaken or damage the vertebrae [24, 65, 5]

and cause intervertebral disc degeneration or herniation [59]. Similarly, elevated and

repetitive loading of passive (e.g., ligament) or active (muscle) tissues can cause fatigue,

discomfort or damage, such as strains [123, 120, 38, 4]. Reducing loading on lumbar tis-

sues during daily activities could help lower the risk of back injury and resultant pain,

or benefit other outcomes related to muscle effort and fatigue.

During tasks such as lifting and leaning, back extensor muscles and ligaments apply

the majority of the compression force experienced by the lumbar spine. The lumbar

spine experiences a flexion moment during forward leaning due to the weight of the

upper-body (FHAT, Figure 2.1) and any additional external (e.g., carried) weight (FW)

which act at moment arms (rHAT and rW) about a given spinal disc (Figure 2.1). To

prevent the upper-body from falling forward, this flexion (clockwise) moment must be

counter-balanced by an extension (counter-clockwise) moment. This extension moment

is provided by back extensor muscles (e.g., erector spinae muscles), and passive tissues

(e.g., interspinous ligaments, Figure 2.1, b). These muscles and ligaments act at much

smaller moment arms than the upper-body center-of-mass and external weight [106, 19];

and therefore produce much larger forces in order to generate the required extension
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moment [95]. Muscles and ligaments apply forces roughly parallel to the lumbar spine.

As a result, they also apply substantial compression forces to the lumbar spine when

they are loaded [19] (Figure 2.1). It has been shown that extensor muscles and ligaments

are responsible for the majority of the compression force experienced by the lumbar

spine during tasks such as forward leaning [29, 6, 113]. Reducing these muscle and/or

ligament forces may therefore also reduce forces on the spine.

Figure 2.1: (a) During tasks such as lifting or leaning, the lumbar (low back) extension
moment is the result of large muscle and ligament forces (FM) acting at short moment
arms (rM) about the spine. This extension moment counterbalances flexion moments
from the weight of the head-arms-trunk (FHAT) and carried weight (FW), which act at
larger moment arms (rHAT and rW). (b) The large muscle and ligament forces constitute
the majority of loading experienced by the intervertebral discs. Excessive and/or repeti-
tive loading can lead to degeneration or injury of the lumbar tissues (muscles, ligaments,
vertebrae, and intervertebral discs).

Wearable assistive devices (e.g., exoskeletons, orthoses) provide potential means for

reducing lumbar tissue loading, which may then reduce the risk of force-induced low

back injury and associated pain. Various wearable assistive devices have recently been
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developed, which assist via actuators (e.g., [66, 104, 150, 166]) and/or springs (e.g., [22,

92, 134, 136, 146]). The devices apply forces to the body in order to provide an assistive

extensor moment about the lumbar spine; this offloads the lumbar extensor muscles.

Because these devices are worn outside the body they operate with a larger moment

arm (often >20 cm [3, 146]) than muscles (6-8 cm [98, 106]) and ligaments (1-5 cm [19]).

Therefore, these devices can provide equivalent extensor moments with smaller force

magnitudes, resulting in reduced lumbar spine compression forces [3, 19]. Experimental

studies indicate that wearable assistive devices can reduce extensor muscle loads by, on

average, 9-54% as evidenced indirectly by reductions in muscle activity [1, 22, 92, 146,

163].

The majority of these wearable devices have relatively bulky form-factors, which

make them less practical for at-home daily use, or use in other business, social or clini-

cal settings. Often these devices are designed with components that protrude from the

lower back to lengthen the extensor moment arm; however, these components can in-

terfere with common daily activities (e.g., sitting, stair ascent/descent, navigating home

or work environments). Furthermore, users are generally required to wear these ex-

oskeletal devices conspicuously on top of their clothing, which can be undesirable. An

appealing alternative to these exoskeletal devices may be to adapt form-fitting cloth-

ing itself by embedding passive (spring-like), quasi-passive (clutchable spring-like), or

active (actuated) structures to assist the low back musculature. We propose that a gar-

ment embedded with load-bearing structures may provide similar offloading benefits

as exoskeletons but without the burden of bulky components. The key distinguishing

feature of our proposed garment-like device is that it could be worn underneath or in-

tegrated into clothing; whereas current powered and passive assistive devices are worn

on top of clothing. However, it is currently unclear to what degree such a form-fitting

garment could offload lumbar tissues. Therefore, the purpose of this initial study was:

(i) to design and fabricate a biomechanically-assistive garment which was sufficiently
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lightweight and low-profile to be worn underneath (or as) clothing and then (ii) to per-

form human subject testing to assess the ability of the garment to offload the low back

during leaning and lifting.

2.3 Methods

2.3.1 Prototype Design & Function

We designed and fabricated a passive (unactuated) biomechanically-assistive gar-

ment prototype that provides an extension moment about the user’s lumbar spine during

forward leaning and lifting [160]. The prototype is composed of an upper-body interface

(shirt), lower-body interface (shorts), and elastic bands which run along the back, cou-

pling the upper and lower-body interfaces (Figure 2.2). The lower-body interface was

comprised of thigh sleeves with a high friction elastomer interior and a sturdy fabric

exterior, which served as an anchoring point for the elastic bands. The upper and lower

interfaces distribute forces across the surface area of the shoulders and thighs, respec-

tively, allowing them to support substantial loading. The elastic bands (6.3 cm x 0.45

cm x 29 cm, 800 N/m stiffness) were connected to clasps on the shoulders allowing

the slack length in the bands to be adjusted. The total weight of the prototype, without

testing-related instrumentation, was 2 kg.
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Figure 2.2: Biomechanically-assistive garment prototype. The prototype distributes
forces over the shoulders and thighs via the upper- and lower-body interfaces. Elas-
tic bands connect these two interfaces and act in parallel with muscles and ligaments
to support the lumbar extension moment. Slack length of the elastic bands was set via
adjustable clasps.

As the user leans forward via lumbar flexion and/or hip flexion, the elastic bands

stretch, applying tension forces that act roughly parallel to the lumbar extensor mus-

cles and ligaments, and thus generate an extension moment about the lumbar spine

(Figure 2.3). Because the elastic bands act at a larger moment arm (>9 cm) than bio-

logical tissues ( 1-8 cm), the biomechanically-assistive garment provides a mechanical

advantage over these tissues (Figure 2.3). As a result, the elastic bands can provide

equivalent extension moments at lower force magnitudes, thus reducing compression

force on the lumbar spine [1].
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Figure 2.3: (a) The biomechanically-assistive garment stretches during lifting and lean-
ing. (b) Forces borne by the elastic bands are expected to offload the extensor muscles,
and to reduce intervertebral disc loading by increasing the extensor moment arm (∆r).
Analytically, from the moment balance equation, FE + F′M < FM from Figure 2.1

2.3.2 Experimental Testing

Eight healthy subjects (7 male, 1 female, 74 ± 8.7 kg, 1.8 ± 0.05m, 23 ± 3 yrs.) per-

formed a series of leaning and lifting tasks with vs. without the prototype, while we

recorded body kinematics, elastic band force and electromyography (EMG) data. The

subjects, with no history of low back injury or pain in the past 6 months, provided

informed, written consent prior to participating in this study. For each leaning task,

subjects leaned forward for 30 seconds to pre-determined angles (30°, 60°, 90° from ver-

tical) while holding a 4.5 kg weight (diameter: 20 cm, thickness: 3 cm) to their sternum.

This weight approximated the additional flexion moment about the lumbar spine result-

ing from holding arms outstretched (e.g., a surgeon manipulating tools). A plumb line
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was used as a visual reference to assist subjects in reaching each pre-determined angle.

For each lifting task, the subjects lifted a weight (12.7 kg and 24 kg) from the floor up to

a standing posture (using squat lifting form) for 10 cycles, paced at 30 beats per minute

(via metronome). Subjects performed lifting and leaning tasks without (control) and

then while wearing the prototype. Before each task was performed with the prototype,

the slack length of the elastic bands were manually adjusted such that peak elastic band

forces were >20% of bodyweight during the task.

2.3.3 Data Collection

Body kinematics, EMG and elastic band forces were measured. Kinematics of the

pelvis, trunk, and of the kettle-bell weight, were measured at 100 Hz with an optical

motion capture system (Vicon). To track pelvic motion, retroreflective markers were

placed bilaterally on the following landmarks: anterior superior iliac spine, iliac crest,

posterior superior iliac spine, and greater trochanter. To track trunk motion, retroreflec-

tive markers were placed on the 7th cervical vertebrae, and bilaterally on the acromion

and clavicle. The motion of the kettle-bell weight was tracked using a cluster of 4 mark-

ers on the handle. EMG of the bilateral lumbar erector spinae muscles ( 30 mm bilateral

to L3 spinal processes) were recorded at 2000 Hz using wireless sensors (Delsys). The

erector spinae muscles were chosen because they generate the majority of the extensor

moment during sagittal plane manual handling tasks [98, 113], and provide an estimate

of general back muscle activity [19]. Tension forces in each elastic band were measured

at 2000 Hz using two uniaxial load cells (Futek). All data were collected synchronously.

2.3.4 Data Processing

Motion data were low-pass filtered at 6 Hz, and load cell data at 15 Hz (each via 4th

order dual-pass Butterworth filter). EMG signals were de-meaned, high-pass filtered at
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30 Hz, rectified, and then low-pass filtered at 10 Hz, using 3rd order, dual-pass Butter-

worth filters [161]. EMG envelopes were then normalized to the maximum filtered EMG

value observed across all trials (max observed activation).

2.3.5 Data Analysis

Mean normalized EMG was computed as the primary outcome metric for leaning and

lifting tasks, and was used as an indicator of muscle loading. Mean EMG for leaning

tasks was calculated by first averaging left and right lumbar erector spinae EMG, and

then averaging the result over the duration of static leaning (Figure 2.4 a). A vector

projected from the L5S1 junction to the mid-point between the suprasternal notch and

7th cervical vertebrae was used to measure trunk angle. Subject-specific leaning trials

were excluded from analysis if the maximum measured elastic band force was <20%

of subject bodyweight (suggesting that the prototype may have shifted during the trial).

Lifting tasks were divided into cycles. Each cycle was normalized to 1000 data points

(due to differing cycle lengths), and then averaged. Mean EMG for lifting tasks was

calculated by first averaging left and right erector spinae EMG, and then averaging the

result over the lifting cycle duration (Figure 2.4 a). Peak EMG during the lifting cycle was

also quantified, and was used as an indicator of peak loading, assuming a proportional

relationship between EMG activity and muscle force. Average lifting cycle durations

were calculated and compared for each subject across conditions with vs. without the

prototype to ensure that cycle durations were consistent. Subject-specific lifting trials

were excluded if the maximum elastic band force was <20% of subject body-weight, if

maximum or minimum trunk angles varied by >10°, or if displacement of the weight

varied by >5 cm with vs. without the prototype. Intersubject means and standard

deviations were calculated and paired t-tests were performed to evaluate differences in

outcome metrics with vs. without the prototype (=0.05).
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2.3.6 Model-Based Estimates of Reduction in Disc Loading

To gain an insight into the effects of the biomechanically-assistive garment on in-

tervertebral disc compression force, we implemented a simple, analytical model of the

lumbar spine during static leaning (similar to [3, 135]). The model assumes a static lean-

ing posture, achieved with hip flexion and no lumbar flexion, at a fixed angle from the

vertical (θ = 45°). This results in a constant flexion moment about the L5S1 intervertebral

disc ( 105 Nm) due to the weight of the HAT estimated using anthroprometrics of a

50th percentile male [88] (Figure 2.1). For case I, the extension moment was assumed

to be generated entirely by an extensor muscle force (FM) acting with a 7 cm moment

arm (rM) [106]. Disc compression force (Fdisc, acting axially along the spine) in case I

was computed as the sum of the muscle force and the force due to the weight of the

HAT (Fdisc,I = FM + FHAT cosθ). In case II, we introduced another source of extension

moment, due to forces in the elastic bands of the biomechanically-assistive garment (FE,

Figure 2.3) acting at a larger moment arm than the muscles (rM + ∆r). We then updated

the disc compression force calculation (Fdisc,I I = F′M + FHAT cosθ + FE). Next, we varied

∆r from 0 to 20 cm, and FE from 0 to 380 N, and calculated the updated disc compression

force. Reduction in disc compression, vs. case I (with no external assistance), was then

computed as (100× Fdisc,I I−Fdisc,I
Fdisc,I

) and used to create a contour plot.

2.4 Results

2.4.1 Leaning Task

When wearing the prototype, mean EMG was reduced by 23% ± 13% (p=0.011), 27%

± 10% (p=0.006) and 43% ± 33% (p=0.001) for the 30°, 60°and 90°leaning tasks, respec-

tively (Figure 2.5). All subjects exhibited a reduction in EMG for all leaning angles,

although the magnitude of reduction varied significantly from subject to subject (reduc-

tion range: 1-88%, Table 2.1). Elastic band forces were 23% ± 3%, 26% ± 3%, and 30%
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± 5% bodyweight for the 30°, 60°and 90°leaning tasks respectively. Mean leaning an-

gles with vs. without the prototype were not significantly different for the 30°(p=0.071),

60°(p=0.847) or 90°(p=0.121) tasks (Table 2.2). One subject was excluded from the analy-

sis of the 30°and 60°conditions because measured elastic band forces were <20% of their

bodyweight.

Figure 2.4: Mean normalized EMG for a representative subject. (a) EMG for lifting task
with vs. without the biomechanically-assistive garment prototype. Trials were parsed
into cycles; a cycle began with the subject standing upright, next the subject squatted
down, and then stood back upright to complete the cycle. (b) EMG for leaning task
with vs. without the prototype. Mean EMG was calculated over the middle of the trial,
during which the subject was leaning statically.
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Figure 2.5: Mean EMG of the erector spinae muscles was reduced during leaning when
wearing the biomechanically-assistive garment prototype (dark blue) vs. not wearing it
(green). Reductions were statistically significant for all leaning angles tested (p<0.05,
denoted with asterisks). Intersubject means and standard deviations are depicted.

2.4.2 Lifting Task

When wearing the prototype, mean EMG was reduced by 14% ± 9% (p=0.015) and

16% ± 8% (p=0.004) for the 12.7 kg and 24 kg lifting tasks, respectively. Peak EMG was

reduced by 19% ± 13% (p=0.025) and 23% ± 9% (p=0.004) for the 12.7 kg and 24 kg lifting

tasks, respectively (Figure 2.6). All subjects exhibited EMG reductions while using the

prototype to lift the kettle-bell weights (reduction range: 2-30%, Table 2.1). Peak elastic

band forces were 27% ± 4% and 27% ± 5% bodyweight for the 12.7 kg and 24 kg lifting

tasks, respectively. On average across subjects, maximum trunk angles (12.7 kg: p=0.156,

24 kg: p=0.224), mean cycle duration times (12.7 kg: p=0.625, 24 kg: p=0.413) and kettle-

bell displacements (12.7 kg: p=0.546, 24 kg: p=0.111) were not significantly different with

vs. without the prototype (Table 2.2). Two subjects were excluded from the analysis of
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the lifting tasks because there was > 10 of difference in max/min trunk angles and > 5

cm difference in kettle-bell displacement when comparing task performance with vs.

without the prototype.

Figure 2.6: Mean and peak EMG of the erector spinae muscles were reduced during
lifting when wearing the biomechanically-assistive garment (dark blue) vs. when not
wearing it (green). All reductions were statistically significant (p<0.05, denoted with
asterisks). Intersubject means and standard deviations are depicted

2.4.3 Model-Based Estimates of Disc Loading

Model predictions, based on a simple moment balance, indicate that offloading the

low back muscles with a biomechanically-assistive garment is expected to reduce inter-
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vertebral disc compression forces (Figure 2.7). The magnitude of disc force reduction is

expected to increase with both increasing elastic band force (FE) and increasing moment

arm (∆r).

Figure 2.7: Theoretical reduction in lumbar disc compression force when wearing a
biomechanically-assistive garment. Disc force reduction increases as a function of in-
creasing elastic cable force (FE) and increasing moment arm (∆r).
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Table 2.1: Subject-Specific Responses. Changes in subject-specific EMG, while wear-
ing the biomechanically-assistive garment prototype, relative to not wearing it (control).
N/A indicates subject-specific tasks that were excluded.
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Table 2.2: Task Performance Metrics. Kinematic metrics and cycle time durations were
comparable (i.e., not significantly different) when performing each task with vs. without
the biomechanically-assistive garment.

2.4.4 Discussion

Here we introduce a new design concept for a biomechanically-assistive garment,

and demonstrate its potential to mitigate forces experienced by the low back muscles

and discs. We found that our biomechanically-assistive garment prototype offloaded

the lumbar extensor muscles during both static leaning and dynamic lifting, as evi-

denced by reductions in EMG. The magnitudes of mean EMG reductions presented in

this study (intersubject means ranging 14-43%) were comparable to reductions shown

from previous exoskeletal devices with larger form-factors ( 9-54%, [1, 22, 92, 146, 163]).

Furthermore, the biomechanically-assistive garment demonstrated the ability to reduce

both mean and peak EMG, which may affect risk of injuries due to repetitive (overuse)
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or high (overloading) forces. Model-based estimates indicate that the garment could also

offload the intervertebral discs because the garment acts with a mechanical advantage

over the extensor muscles. Overall, preliminary evidence strongly supports the feasibil-

ity of using low–profile, biomechanically-assistive garments to offload lumbar extensor

muscles, which may help to reduce force-induced injury risks and/or fatigue during

leaning and lifting tasks.

All subjects exhibited reduced lumbar erector spinae muscle activity when wearing

the prototype; however, the magnitude of EMG reduction was subject and task-specific

(Table 2.1). Four of the eight subjects (subjects 1, 3, 4, and 7) exhibited reductions

≥ 10% for all leaning and lifting trials completed, suggesting that a subset of the popu-

lation could derive broad and substantial benefits (in terms of offloading muscles) from

a biomechanically-assistive garment. The four remaining subjects (subjects 2, 5, 6 and 8)

exhibited reductions ≥ 10% for most tasks they completed, but < 10% for other tasks.

These results may reflect subject-specific adaptations (e.g., altered kinematics or muscle

co-contractions), or variability in EMG recordings, or in how we pretensioned the pro-

totype for each person and task. Overall these reductions suggest that the prototype

consistently reduced loading of the lumbar extensor muscles.

The degree to which a biomechanically-assistive garment (and other similar wearable

assistive devices) can reduce disc compression forces depends on the mechanical advan-

tage (increased moment arm, ∆r) it provides relative to the extensor muscles, and on the

force the device applies to the user (FE). There are practical limits for FE and ∆r: FE is

primarily limited by the amount of force that can be safely and comfortably applied to a

person, whereas r is limited by the desired form-factor and tolerable size of the device;

both of which may vary for a given individual, task and/or setting. Using the parameters

of the prototype tested in this experiment (FE = 200-300 N and ∆r = 1-4 cm), reductions

in disc loading of 5-10% would be expected. If a biomechanically-assistive garment were

used on a daily basis or for extended periods of time, then relatively small reductions

21



could provide cumulative offloading of the spine. Alternatively, modestly increasing the

moment arm, via a permanent protruding structure (e.g., [3]) or an extensible mecha-

nism, could serve to further offload the discs. In support of this, Abdoli-Eramaki et al.

estimated that a similar device acting in parallel to the lumbar spine with ∆r = 15 cm

would reduce disc loading by 23-29% [3].

There were several limitations to this study. A relatively small sample (N=8) and sub-

set of tasks were tested in this initial feasibility experiment; however, this was sufficient

to demonstrate proof-of-concept for the biomechanically-assistive garment. This study

only addressed short-term effects on the activity of isolated lumbar extensor muscles. It

would be of value in future studies to measure additional back extensor muscles as well

as quantify abdominal co-contraction (which can contribute to lumbar tissue loading

[61, 98], estimate compressive and shear loading on the lumbar spine (e.g., using opti-

mization or EMG-assisted modeling techniques similar to previous work [16, 61, 95, 98]),

and to explore longer-term effects. In this work, muscle activity was normalized to the

maximum observed activation across all trials. Relative changes in EMG were then inter-

preted to assess the feasibility of the biomechanically-assistive garments to offload the

low back; however, there is limited ability to draw conclusions about clinical significance

at this time. Further studies are needed. If future testing is performed on a population

with a history, or elevated risk, of back pain, then it would also be beneficial to collect

self-reported pain metrics or to track injuries over time; though the latter would require a

larger longitudinal study. The moment balance model used to estimate relative changes

in disc compression forces assumed anatomical simplicity and did not explicitly model

muscle co-contraction, passive tissues or other segmental dynamics. Nevertheless, this

model provides an order-of-magnitude approximation of expected force reduction and

insight regarding the sensitivity of disc compression force to device design parameters.

Though these approximations would benefit from further or more direct (invasive) vali-

dation, conclusions in this study do not depend on model force predictions being highly
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accurate. The prototype tested in this study required us to manually adjust elastic band

tension for each person and task. Future prototypes may integrate quasi-passive clutch-

ing capabilities (to engage/disengage the elastic elements) and wearable sensors in order

to more precisely control the magnitude and timing of assistance. Alternatively, further

assistance and versatility might be provided using a portable actuator unit, similar to

robotic exosuit hardware that has been developed to assist walking [10, 155]. Finally,

we note that for all physical interventions, the act of redistributing forces (in this case,

applying forces to the shoulders and thighs to offload the spine) may have unexpected

or unintended consequences in terms of altering loading elsewhere in the body. These

concomitant biomechanical effects warrant investigation in future studies.

Biomechanically-assistive garments may have broad societal appeal as a lightweight,

unobtrusive and cost-effective means of reducing low back loading, which could affect

the risk of low back injury and pain in daily life. The ability to non-invasively alter

lumbar loading and muscular effort may also have applications for reducing fatigue

(which is distinct from, but can be associated with discomfort or low back pain [120])

or aiding in patient recovery post-injury. These garments provide a unique means to

mitigate low back loading by adapting clothing, which is ubiquitous and already worn

every day. These garments are expected to be cost-effective because they can lever-

age existing soft goods manufacturing methods and infrastructure. Moving forward,

biomechanically-assistive garments could also be instrumented with wearable sensors

and smart algorithms to control quasi-passive structures (e.g., elastic bands that can be

clutched or unclutched to selectively provide assistance during certain tasks). One future

possibility would be for this instrumented clothing to also provide users with actionable

biofeedback about their low back loading (similar to how pedometers track and report

steps per day), and to alert users to high loading or predicted injury risks.
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2.4.5 Conclusion

We found that a passive, biomechanically-assistive garment was able to offload low

back muscles during leaning and lifting. These findings support the feasibility of using

biomechanically-assistive garments to reduce low back injury and resultant pain due to

high (overloading) and/or repetitive (overuse) forces on lumbar musculature.
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Chapter 3

Passive Elastic Exosuit Reduces Back Muscle Fatigue

We investigated the extent to which an un-motorized, low-profile, elastic exosuit

reduced the rate of fatigue for six lumbar extensor muscles during leaning. Six healthy

subjects participated in an A-B-A (withdrawal design) study protocol, which involved

leaning at 45 degrees for up to 90 seconds without exosuit assistance (A1), then with

assistance (B), then again without assistance (A2). The exosuit provided approximately

12-16 Nm of lumbar extension torque. We measured lumbar muscle activity (via surface

electromyography) and assessed fatigue rate via median frequency slope. We found

that five of the six subjects showed consistent reductions in fatigue rate (ranging from

26-87%) for a subset of lumbar muscles (ranging from one to all six lumbar muscles

measured). These findings objectively demonstrate the ability of a low-profile elastic

exosuit to reduce back muscle fatigue during leaning, which may improve endurance

for various occupations.

3.1 Introduction

Prolonged leaning and repeated lifting often lead to fatigue of the low back mus-

cles, specifically the muscles that extend the lumbar spine. Muscles undergo undesired

functional changes as they fatigue (e.g., tremoring [28] and/or sensorimotor deficits

[132]), which can result in discomfort, soreness, exhaustion or the inability to produce a

desired force [41, 43]. Lumbar muscle fatigue can have detrimental effects on task per-

formance and can negatively impact a person’s productivity, satisfaction or safety (e.g.,

for populations that frequently perform tasks that are demanding on the low back, such

as nurses [72, 129], construction workers [85], automotive assembly workers [117], and
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workers in manual material handling environments [79]). Lumbar muscle fatigue can

be reduced during leaning or lifting using external aids and wearable assistive devices

[22, 90]. However, most devices are limited by practical factors such as affordability,

form factor, and their ability to integrate into current workflows without interfering [12,

34, 82, 90, 164]. To address these practical factors, we previously introduced a new

elastic exosuit that combines the low-profile benefits of daily clothing with the physical

assistance benefits of an exoskeleton [82, 84] . This wearable device can fit underneath

typical daily clothing and uses elastic elements to apply assistive forces in parallel with

the lumbar extensor muscles to reduce the effort required by these muscles. In more re-

cent prototypes, passive or motorized clutching has been incorporated so that the wearer

can engage/disengage assistance on demand [84]. In the current work, we use a force-

instrumented prototype, which will hereafter be referred to as the exosuit. We previously

demonstrated that an early prototype of the exosuit reduced the mean muscle activity of

lumbar extensor muscles by 23-43% during leaning and 14-16% during lifting (N=8,[82]).

These reductions, along with subjective feedback from prior study participants, suggest

that the exosuit may also reduce lumbar muscle fatigue. However, lumbar muscle fatigue

was not evaluated in the prior study because it required a different experimental proto-

col. Moreover, in Lamers et al. [82], only two lumbar extensor muscles were monitored;

however, several muscles contribute to lumbar extension [19]. It is currently unknown

to what degree the exosuit can reduce the rate of lumbar muscle fatigue. Furthermore,

it is unknown whether these effects are consistent between subjects, or whether these

changes in fatigue occur uniformly across multiple back extensor muscles. The purpose

of this study was to evaluate whether the exosuit reduced the fatigue rate of six lumbar

extensor muscles during a leaning task, relative to a control condition (i.e., no exosuit as-

sistance). Since we did not know a priori whether individual users would adopt similar

muscle activation patterns when receiving exosuit assistance, we approached this study

primarily from a subject-specific perspective (i.e., using single-subject study design and
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analysis methods). Secondarily, we compiled and reported group-averaged results as a

supplementary analysis.

3.2 Methods

3.2.1 Summary

Twelve subjects (seven male, five female) participated in the Day 1 data collection

(detailed in 3.2.5.1). The purpose of Day 1 was measurement validation; to ensure we

could objectively measure changes in the rate of lumbar muscle fatigue in individual

subjects, using common surface electromyography (sEMG) techniques [45]. Subjects

did not wear the exosuit during Day 1, rather subjects performed leaning tasks with

heavier vs. lighter hand-held weights to induce higher vs. lower rates of lumbar muscle

fatigue, using an A-B-A protocol. First, subjects performed the task while holding a 16

kg mass (i.e., more fatiguing condition – A1), then holding an 11 kg mass (less fatiguing

condition - B), then holding the 16 kg mass again (A2). These masses were chosen to

induce a contraction magnitude of at least 20% MVC, which is considered the minimum

contraction level to elicit fatigue that can be detected with sEMG [29, 108]. Furthermore,

study participants confirmed that they experienced noticeably more back muscle fatigue

when holding the 16 kg vs. 11 kg mass, as expected. Six of twelve subjects exhibited

a discernible decrease in fatigue rate (based on median frequency slope of sEMG) for

a subset of lumbar muscles while holding the lighter mass (11 kg). To come to this

conclusion, we visually inspected individual subject results and judged that six of the

twelve subjects exhibited reduced median frequency slopes for the 11 kg vs. 16 kg

conditions. Thus, for these subjects we had high confidence that we could objectively

measure changes in their back muscle fatigue rates. Next, these six subjects (four male,

two female, 23.5 ± 1.4 yr., 69.6 ± 7.7 kg., 1.8 ± 0.1 m) participated in the exosuit evaluation

session (Day 2, detailed in subsubsection 3.2.5.2). The purpose of Day 2 was to assess
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whether the exosuit reduced the fatigue rate for one or more of the six recorded lumbar

muscles. Subjects performed leaning without (A1), then with (B), then again without

(A2) assistance from the exosuit, in each case while holding the same 16 kg mass. We

then assessed differences in muscle fatigue rate via median frequency slope of sEMG. All

subjects reported no history of low back pain in the past six months and gave written

consent prior to testing. The experimental protocol was approved by the Vanderbilt

University Institutional Review Board, and these methods were carried out in accordance

with the IRB-approved protocol.

3.2.2 Instrumentation & Prototype

On Day 1, we placed six sEMG sensors (Delsys Inc., Natick MA, USA) bilaterally

over lumbar extensor muscles: right and left lumbar multifidus (RLM and LLM respec-

tively) at L5 level, right and left iliocostalis lumborum (RIL and LIL respectively) at L2

level and the right and left longissimus thoracis (RLT and LLT respectively) at L1 level

(Figure 3.1, a, b and c) ([45]). Two additional sEMG sensors were placed bilaterally over

the latissimus dorsi (LD) muscles (Figure 3.1, e). A goniometer (Biometrics Ltd., UK)

was placed across the lumbar region (sacrum to 12th thoracic vertebrae) to measure the

sagittal (flexion/extension) angle of the lumbar spine (Figure 3.1, d). Day 2 involved the

same instrumentation as Day 1, but with the addition of four sEMG sensors placed bilat-

erally over abdominal muscles (rectus abdominis and external oblique, Figure 3.1, f and

g) to provide insight on potential co-contraction of these muscles [115]. All skin surfaces

were abraded with alcohol wipes prior to EMG placement in accordance with SENIAM

guidelines [69]. Additionally, plastic guards were placed over each sEMG sensor on the

low back (Figure 3.1) to minimize motion artifacts due to the movement of the exosuit

bands. Abdoli et al. [1] used similar methods to reduce motion artifact when testing

their personal lift assist device. On Day 2, subjects wore an instrumented exosuit pro-

totype that applied an extension torque about the lumbar spine during the intervention
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trial (trial B in the A-B-A protocol). The prototype, described in detail in previous work

[84], couples a trunk harness to two thigh sleeves with an elastic element (Figure 3.1, h,

i, j, and Figure 3.2, h, i, g). The magnitude of assistive torque provided by the exosuit

was adjusted manually and measured using an in-series load cell (Figure 3.1, k). The

tension for each user was set between 150-200 N (the range in tension was due to practi-

cal challenges such as exosuit fit). For each subject this resulted in approximately 12-16

Nm of constant torque assistance (assuming a moment arm of 0.08 m between the L5-S1

joint and the exosuit elastic element line of action ([82]) throughout the intervention trial.

Load cell, sEMG and goniometer data were collected synchronously at 2000 Hz.
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Figure 3.1: sEMG sensors were placed bilaterally over the multifidus muscles (2 cm
lateral to the L5 vertebrae, a), the iliocostalis lumborum muscles (4 cm lateral to the L2

vertebrae, b), the longissimus thoracis muscles (2 cm lateral to the L1 vertebrae, c), the
latissimus dorsi muscles (scapular level e), the rectus abdominis muscles (2 cm lateral to
the umbilicus, f), and the external obliques (8 cm lateral to the umbilicus, g). Each sEMG
sensor on the low back was covered with a protective cover to minimize motion artifacts
caused by the exosuit moving above the skin and sensors. A digital goniometer (d) was
adhered to the skin, spanning from the L5 to the L1/T12 vertebrae. A compression
wrap (right) was wrapped around the torso to protect sEMG electrodes and prevent
wires from snagging. The exosuit prototype was comprised of a trunk harness (h) and
left/right thigh sleeves (i), which were coupled along the back-side of the subject via
an elastic element (j). A uniaxial load cell (k) measured forces in-series with the elastic
element.

3.2.3 Test Apparatus/Setup

In order to enable valid comparisons between trials, we developed a protocol to en-

sure that subjects had the same posture (both full-body and local lumbar angle) for each

trial, because lumbar muscle fatigue is sensitive to changes in these postures [103, 119].

To ensure subjects adopted the same full-body posture during each trial we developed

and used a custom scaffold (Figure 3.2) that is similar in function to the postural con-

straint device in Roy et al. [120]. The scaffold has rigid foot, knee and pelvis constraints
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that set the position of the lower-body segments (Figure 3.2, a, b and c). A compliant

trunk constraint (thin, taut string spanning the width of the user) then provides the

subject with light tactile feedback on the upper back to help them maintain a consistent

trunk angle (Figure 3.2 d). Note that the string does not provide enough reaction force

for the subject to induce non-negligible load on their lumbar muscles when they pushed

against it. To ensure subjects adopted the same lumbar spine angle in each trial, we

asked subjects to maintain their lumbar angle within ± 2° (which we determined in pilot

tests to be a controllable lumbar angle range) of their preferred lumbar angle (estab-

lished prior to trial A1) using real-time visual feedback. Visual feedback of the lumbar

angle (from the goniometer) was displayed on a computer monitor in front of the subject

(Figure 3.2, f).

To prevent subjects from compensating with their LD muscles while leaning, we used

real-time visual feedback to minimize LD muscle activity. While the primary function

of the LD muscle is to adduct, extend and medially rotate the shoulder joint [77], it also

generates an extension moment about the lumbar spine [21]. In pilot tests, we observed

that some subjects would greatly increase their LD activity partway through a leaning

trial. This increased activity occurred inconsistently, and affected the activity of the six

lumbar muscles we sought to study. As a result, this LD behavior confounds our ability

to objectively assess lumbar muscle fatigue across trials (e.g., if a subject employed this

sporadic strategy for one trial, but not the other trial) and to apply established muscle

fatigue analysis methods based on linear regression. To avoid this confound, subjects

had real-time visual feedback of both the left and right LD sEMG signals (simultaneously

with the lumbar angle feedback), and were asked to minimize LD activity during each

trial. See Discussion for more on this topic.
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3.2.4 Study Design

During both Day 1 and Day 2 testing sessions we used an A-B-A protocol (withdrawal

design) in which we established a baseline fatigue rate (first control – A1), introduced

an intervention (B) that we expected to reduce the fatigue rate, and then removed the

intervention (second control – A2) to examine if the fatigue rate returned back to the

initial baseline rate. We compared the rates of individual muscle fatigue (within and

between subjects) for three cases:

Case I: First control trial (A1) vs. intervention trial (B)

Case II: Second control trial (A2) vs. intervention trial (B)

Case III: First control trial (A1) vs. second control trial (A2)

Cases I and II informed whether the intervention (Day 1: lighter held mass, Day 2:

exosuit assistance) reduced muscle fatigue relative to the control trials. Case III assessed

whether fatigue rates returned to the baseline level, which would strengthen the infer-

ence that the observed change was caused by the intervention, rather than chance, task

acclimation or natural variability [11]

3.2.5 Subject Testing

3.2.5.1 Day 1 - Measurement Validation

Subjects first performed maximum voluntary contractions (MVC) of their lumbar

muscles in a back extension machine, by extending their trunk (aligned parallel with

the ground) against manual resistance applied by the test administrator. Subjects then

performed MVCs for their LD muscles by pulling down on an anchored rope with their

left and then right arm (as if attempting a pull-up with one arm). MVC trials were 5

seconds in duration, and were separated by a rest period of at least 1 minute. Next,

the foot, knee, pelvis and trunk constraints of the scaffold (Figure 3.2) were adjusted for

each subject. The trunk constraint was adjusted until the trunk angle was approximately
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45 degrees. Subjects then assumed a leaning posture and were instructed to choose a

preferred lumbar angle while keeping their back flat. This was to ensure that the pre-

ferred lumbar angle was near neutral spine alignment, thus mitigating passive torque

contributions from spinal ligaments (observed during large magnitudes of lumbar flex-

ion [105]). A shaded band with ± 2° of the preferred lumbar angle was placed on the

real-time visual feedback monitor. During testing, subjects were instructed to keep their

lumbar angle within this shaded band. Subjects performed the first leaning trial (A1)

with a 16 kg mass, the second trial (B) with an 11 kg mass, and the third trial (A2) with

a 16 kg mass. Leaning trials were 90 seconds long, which we determined during pilot

testing to be sufficiently long for participants to report considerable back muscle fatigue.

Subjects were given at least 15 minutes in between trials to recover [42].

The purpose of the Day 1 session was to perform measurement validation on a

subject-specific basis. In other words, Day 1 allowed us to confirm (or refute) that for a

given subject we could confidently measure differences in back muscle fatigue rate (via

sEMG) when comparing tasks with different physical demands (i.e., holding 16 kg vs.

11 kg). This subject-specific measurement validation was considered a critical inclusion

criteria because we needed to confirm that subject sEMG median frequency followed

logical trends (i.e., indicating more fatigue with higher weights), in order to ensure the

fidelity and interpretability of data from the Day 2 session. Subjects only participated

in the Day 2 data collection if during Day 1 they exhibited a reduction in lumbar mus-

cle fatigue rate (as estimated by the median frequency slope of sEMG, detailed below in

Section 3.2.6) for at least 1 lumbar muscle during the reduced load condition (11 kg, trial

B) relative to the higher load conditions (16 kg, trials A1 and A2), and if the remaining

lumbar muscles showed small changes (i.e., where the variation between A1 and B or

A2 and B was smaller than or similar to variation between A1 and A2). Differences in

lumbar muscle fatigue rate were assessed using visual inspection of the sEMG median

frequency data and slope.
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3.2.5.2 Day 2 - Exosuit Evaluation

Testing performed during the Day 2 session was similar to Day 1, except that for trial

B the subjects (Table 3.1) were given lumbar torque assistance via the exosuit, rather than

a different hand-held weight. Subjects performed the same MVC and setup procedures

as detailed in Section 3.2.5.1, with the addition of MVC trials for the abdominal muscles

(in which subjects flexed their trunk against manual resistance while positioned face

up in the back extension machine). Subjects then performed the first leaning trial (A1)

without exosuit assistance, the second trial with assistance (B), and the third trial again

without assistance (A2). Subjects held the same mass for each trial and rested at least

15 minutes between trials. Subjects had the exosuit donned for the entire Day 2 session,

but the elastic element was fully detached during the control trials (A1 and A2) such

that the exosuit provided no assistance. Subject 2 (Table 3.1) held 20.5 kg, while the

remaining subjects held 16 kg (Figure 3.2, e). Subject 2 exhibited greater resistance to

fatigue during Day 1 testing and was given a heavier mass to ensure measurable levels

of fatigue within the prescribed trial duration (90s).
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Figure 3.2: During leaning trials, participants stood within the test-apparatus which
constrained the position of their feet (a), knees (b), and pelvis (c) with hard stops. A
compliant trunk constraint (d) allowed subjects to use tactile feedback on their upper
back to maintain a consistent trunk angle, but minimized their ability to load their lum-
bar muscles by pushing against the constraint. While leaning forward at 45 degrees,
and holding a mass (e), subjects were given visual feedback (via lab monitor, f) of their
lumber angle and instructed to maintain their preferred lumbar angle (designated prior
to trial A1). Subjects were also given visual feedback of their left/right latissimus dorsi
muscle activity and were asked to minimize the activity magnitude. During the second
trial (trial B) of the Day 2 session, subjects were given lumbar torque assistance via the
elastic element (g) which ran along their back-side, connecting the trunk interface (h) to
the thigh interfaces (i) of the exosuit.
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Table 3.1: Individual subject metrics for Day 2 intervention session

3.2.6 sEMG Fatigue Analysis

Raw sEMG signals were filtered with a fourth-order, zero-lag, bandpass filter (10-

500 Hz) [45]. Median frequency (MDF) and the root mean square (RMS) of the filtered

sEMG signals were calculated over non-overlapping 1-second epochs for each trial [45,

101] (Figure 3.3). Linear regressions were fit to MDF data from each muscle, where the

y-intercept of the regression indicated the initial MDF (value at t=0). Fatigue measure-

ment epochs where discarded from the regression analysis if a subject’s lumbar angle

showed sustained deviation greater than ±2°. We present the slope of the regression

fit in terms of the initial MDF value, i.e., in units of % initial MDF per second (here-

after simply referred to as the MDF slope). RMS for each muscle was normalized to the

maximum RMS magnitude observed in the MVC trials. In single-subject studies such

as this visual inspection is recommended as the primary assessment method whereas as

inferential statistics are only intended to supplement visual inspection procedures [49].

Therefore, visual inspection was used to assess the effect of the exosuit on single-subject,

muscle-level MDF slope. Specifically, two of the research investigators independently
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assessed whether the intervention (trial B) appeared to have an effect on MDF slope

relative to the controls (trials A1 and A2). As a key summary metric, they summed the

number of individual muscles across all six subjects that showed reduced MDF slope

during trial B. To supplement findings from visual inspection, the effect of the exosuit

on single-subject, muscle-level MDF slope was also analyzed via analysis of covariance

with unequal slopes (aoctool function in MATLAB). Significant main effects (=0.05) from

the analysis of covariance, were followed up with a multiple comparison test using a

Tukey-Kramer test (multcompare function in MATLAB). For inter-subject analysis, if

the data passed a Shapiro-Wilk normality test (swtest function in MATLAB), then re-

peated measures analysis of variance tests (rmfit function in MATLAB) were performed

to assess changes in MDF slope for Cases I-III. Friedman tests (friedman function in

MATLAB) were performed if data did not pass the Shapiro-Wilk test. Significant main

effects (=0.05) from the repeated measures analysis of variance and Friedman tests were

followed up with a multiple comparison test using a Tukey-Kramer test (multcompare

function in MATLAB).

3.3 Results

3.3.1 Day 1 - Measurement Validation

Six of the twelve subjects who participated in the Day 1 session showed reductions

in MDF slope for a subset of lumbar muscles when holding the lighter weight, and only

small changes in MDF slope for the remaining lumbar muscle (based on a visual in-

spection). These six individuals were invited to participate in Day 2. The six remaining

subjects exhibited inconsistent muscle fatigue behaviors (e.g., no clear changes in MDF

slope, or a combination of increases and decreases in the MDF slope for different mus-

cles) despite differences in held mass. Consequently, we did not have confidence that we

could reliably monitor changes in fatigue for this subset of participants. We therefore
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erred on side of excluding them from Day 2 exosuit evaluation. Also of note, sEMG RMS

magnitude results on Day 1 were not consistent (i.e., often did not exhibit expected fa-

tigue trends) and sometimes contradicted MDF findings (which has also been observed

in previous literature [114]). As a result, the RMS metric was not used in the Day 2

study to evaluate fatigue. This analysis approach is consistent with previous literature

[120], in which MDF is typically used as the primary fatigue metric, and RMS is used as

a secondary metric or not used at all (especially with lower levels of muscle contraction

magnitudes [125])).

3.3.2 Day 2 - Exosuit Evaluation (Subject-Specific)

Visual inspection

Two investigators independently reviewed the sEMG results for 36 muscles (six sub-

jects x 6 lumbar extensor muscles) and determined via visual inspection that between

18 and 21 individual muscles showed reduced MDF slope with the exosuit intervention

(trial B) vs without the exosuit intervention (trials A1 and A2).

Supplementary statistics

Case I: First control trial (A1) vs. exosuit intervention (B): Five of six subjects ex-

hibited statistically significant reductions in MDF slope in a subset of muscles (without

any significant changes in any other muscles) with the exosuit vs. the first control trial

(Table 3.2). Of these five, one (subject 1) showed statistically significant reductions for all

muscles, and the remaining (subjects 2, 3, 5, 6) showed significant reductions for two to

four muscles, and non-significant changes for the remaining muscles. Only one subject

(subject 4) showed no significant changes across all muscles. During trial B, subject 5

deviated from the target lumbar posture range (± 2°) at 77 seconds into the trial, thus
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the final 13 seconds of this trial were excluded from analysis.

Case II: Second control trial (A2) vs. exosuit intervention (B): The same five sub-

jects exhibited reductions in MDF slope with the exosuit vs. the second control trial

(Table 3.2), corroborating the results from Case I. One of these five (subject 1) showed

significant reductions for all muscles. Four subjects (subjects 2, 3, 5, 6) showed signifi-

cant reductions for one to four muscles, and non-significant changes for the remaining

muscles. Subject 4 showed a significant increase in MDF slope for one muscle, and

non-significant changes in the remaining muscles. During trial A2 subject 5 deviated

from the target lumbar posture range (± 2°) at 30 seconds into the trial, thus the final 60

seconds of data were excluded from analysis.

Case III: First control trial (A1) vs. second control trial (A2): Four of six subjects

showed no significant changes in MDF slope for any muscles when comparing the first

vs. second control trial (Table 3.2). Subject 1 showed significant reductions for two

muscles, whereas subject 4 showed significant increases for two muscles.
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Figure 3.3: Representative (N=1) muscle-level, median frequencies (Day 2). The decrease
in median frequency (MDF) over the duration of leaning is fit by linear regression lines.
The slope of the regression line (i.e., MDF slope) is commonly used as a measurement
of the rate of muscle fatigue [101]. Data are plotted for each muscle and each trial
condition; control trial A1 (black line, open black circles), intervention trial B (green line,
shaded green circles), control trial A2 (gray line, open gray circles). This figure illustrates
MDF slope being significantly reduced for some muscles (LLT, LLM, and RLM) while
wearing the exosuit, but not significantly reduced for other muscles (LIL, RLT and RIL).
Note that the variability in MDF data points (i.e., each sample point shown) is common
and characteristic of this sEMG measurement of fatigue [94, 93]. Depicted is data from
Subject 3.
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Figure 3.4: Subject-specific, muscle-level response to exosuit. Depicted are the changes
in fatigue rate (MDF slope) for individual muscles when receiving exosuit assistance as
compared to not receiving assistance (Case I: A1 vs. B). Significant decreases (and in-
creases) in MDF slope with the exosuit are denoted by green (and blue-hatched) shading,
where darker shades indicate larger magnitudes of change. Non-significant changes are
denoted by light gray shading. The degree to which individual muscles experienced sig-
nificant reductions in fatigue varied from subject to subject, with some showing signifi-
cant reductions for all muscles (e.g., subject 1) and others showing significant reductions
for a subset (e.g., subject 2). Shading is based on based on the analysis of covariance
results, which were very similar to visual inspection. These responses highlight the vari-
ability across individual subjects, as well as the variability across the individual muscles
of a single subject, demonstrating that there are multiple ways a wearer can adapt to and
benefit from the exosuit.
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Table 3.2: Change in MDF slope for individual muscles across all subjects for Cases I, II
and III. Significant reductions in MDF slope (based on the analysis of covariance) when
receiving exosuit assistance are denoted by green shading. Significant increases in MDF
slope are denoted by blue shading, and non-significant changes are denoted by light
gray shading. Changes are expressed as a percent change in MDF slope from one trial
to the next (e.g., Case I, first control vs. intervention) where negative values indicate a
reduction in MDF slope when wearing the exosuit relative to the control trials (Case I
and Case II). Negative values in Case III indicate a reduction in MDF slope during the
second control trial relative to the first control trial.
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3.3.3 Day 2 - Exosuit Evaluation (Inter-Subject)

On average, across the six subjects during Day 2, all lumbar muscles showed mean

reductions in MDF slope with the exosuit relative to the first control trial (LIL:-34%

LLT:-39% LLM: -38% RLM:-42% RLT: -32% RIL: -30%) and second control trial (LIL:-37%

LLT:-43% LLM: -39% RLM:-47% RLT: -29% RIL: -44%). Of these muscles, two (LLT and

RLT) showed statistically significant reductions in MDF slope (LLT: -39%, p=0.020, RLT:

-32%, p=0.043) with the exosuit versus the first control trial (Case I), and two muscles

(RLT, RIL) showed statistically significant reductions in MDF slope (RLT: -29%, p=0.047,

RIL: -44%, p=0.004) with the exosuit versus the second control trial (Case II). Across

all subjects in Case I, 19 of 36 muscles showed significant reductions in MDF slope.

Similarly for Case II, 17 of 36 muscles showed significant reductions in MDF slope while

only 1 muscle showed significant increases. Between Cases I and II, significant increases

in MDF slope were only observed in subject 4. In Case III, 4 muscles showed significant

changes in MDF slope. No abdominal muscles showed significant changes in MDF slope,

nor did abdominal activation exceed 5% of the MVC magnitudes, and thus for brevity

these results are not depicted.
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Figure 3.5: Group-level response to exosuit. Median frequency slopes (MDF slopes) are
presented as a percentage of the initial median frequency (initial MDF). Reductions in
the inter-subject average (N=6) MDF slopes were statistically significant (indicated by
asterisks) for LLT and RLT for Case I (A1 vs. B) and RLT and RIL for Case II (B vs. A2).

Table 3.3: Subject-specific exosuit assistance magnitude. The magnitude of normalized
exosuit assistance (tension in elastic element (N) per body mass (kg)) varied across sub-
jects (ranging 2.0-3.0 N/kg). The number of muscles that showed significant reductions
in MDF slope during Case I (NI) and Case II (NII) tended to be higher for subjects who
received greater magnitudes of normalized exosuit assistance.

44



Figure 3.6: Individual muscle responses to exosuit vs. muscle fatigue rate. This shows
Case I results (from Table 3.2) reorganized such that muscles are ordered from left to
right, where left is the fastest (and right is the slowest) rate of fatigue during control trial
A1. Significant decreases (and increases) in MDF slope are denoted by green (and blue)
shading, where darker shades indicate larger magnitudes of change. Non-significant
changes are denoted by light gray shading. Muscles that fatigued the fastest during
control trial A1 tended to show significant reductions with the exosuit intervention,
depicted by the higher density of green boxes on the left (and gray boxes on the right).

3.4 Discussion

Summary

We found that the exosuit reduced the lumbar muscle fatigue rate during leaning,

with benefits exhibited by five of six subjects. The number of muscles that showed

fatigue reductions and the magnitude of these reductions varied between individuals.

From visual inspection, it was determined that between 18-21 individual muscles (of

the 36 assessed across all subjects) experienced reduced fatigue rate with the exosuit vs.

without the exosuit; and this was corroborated by statistical analysis. Based on inferen-
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tial statistics, one subject showed significant reductions across all muscles, four showed

significant reductions in 1-4 muscles, and one subject showed increases for 1 muscle.

Across all subjects, the exosuit significantly reduced the fatigue rates for about half (18

of 36) muscles, consistent with findings from visual inspection. These findings suggest

that the exosuit provides a viable option for reducing lumbar muscle fatigue in various

occupations and work environments where leaning, bending or stooping is common

(e.g., a doctor performing surgery, a material handler, or a worker at an assembly line).

3.4.1 To what degree did the exosuit reduce the rate of lumbar muscle fatigue?

Individual subjects showed significant reductions in MDF slope (i.e., fatigue rate)

ranging from 26-87% across the lumbar muscles (relative to control trials, Cases I and

II in Table 2), and exhibited consistent benefits for at least 1 and up to 6 lumbar mus-

cles. Previous studies on lumbar muscle fatigue found that reduced MDF slopes cor-

responded with increased endurance times (i.e., duration that someone can sustain a

leaning posture before task failure) [94]. Thus, this exosuit may have practical applica-

tions in work environments where leaning is common, such as dentistry [137], surgery

[130], nursing [129], construction [85] or material handling, and where excessive lum-

bar muscle fatigue may necessitate workers to take frequent breaks, or may increase the

likelihood of mistakes, injuries or employee turnover. For a practical comparison, we

processed sEMG data from Day 1 and computed fatigue rates for the same six subjects.

We found that significant reductions in fatigue rate during Day 1, when holding an 11

kg vs. 16 kg mass, ranged from 21-57% across individual muscles; and on average each

subject exhibited significant reductions in fatigue rate in 1.4 ± 1.2 muscles. Relative

to the Day 2 range (26-87% reductions in fatigue rate) and average number of muscles

exhibiting reduced fatigue (3.0 ± 1.9 muscles), this suggests that the exosuit assistance

provided an offloading effect that was greater than reducing the mass of a weight held
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about 0.3 m in front of the L5/S1 joint by 5 kg. Stated simply, the exosuit made holding

a 16 kg mass less fatiguing on the back than holding an 11 kg mass without the exosuit.

This magnitude of benefit is consistent with physics-based estimates, i.e., that the 12-16

Nm assistance from the exosuit (150-200 N applied at 0.08 m moment arm) would be ex-

pected to offload 4-5 kg from a hand-held mass located 0.3 m anterior to the L5/S1 joint.

Prior studies [1] and physics based estimates [82] both indicate that further extending

the moment-arm of the device could increase assistance to the user, which may facilitate

greater reductions in muscle fatigue; though potentially at the cost of increasing device

form-factor (i.e., how much it protrudes from the body).

3.4.2 Were changes in the lumbar muscle fatigue rate consistent between subjects?

Changes in the rate of lumbar muscle fatigue were not consistent between subjects.

Subject 1 showed significant reductions across all lumbar muscles, whereas subjects 2, 3,

5 and 6 had significant reductions for a subset of muscles (ranging from 1 to 4 muscles).

This inter-subject variability may be partially explained by the difference in body-weight

normalized exosuit assistance between subjects (ranging from 2.0-3.0 N/kg, Table 3.3).

Subjects who received a higher magnitude of assistance (e.g., subjects 1 and 5 who re-

ceived 2.7-3.0 N/kg) showed significant reductions across more lumbar muscles than

those who received a lower magnitude (e.g., subjects 2, 3 and 6 who received 2.3-2.4

N/kg). These trends suggest that increasing exosuit assistance may yield more signifi-

cant reductions in lumbar muscle fatigue, as one would intuit. This result is consistent

with prior back exosuit studies; for example, Frost et al. [54] demonstrated that greater

magnitudes of torque assistance (generated by using stiffer springs) yielded greater re-

ductions in back muscle sEMG. Subject 4 received the least assistance (2.0 N/kg, Ta-

ble 3.3), and did not exhibit reductions in muscle fatigue rate. Aside from receiving less

assistance, we are unable to identify (from the data we collected) why this individual re-
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sponded so differently from the other subjects. We did not observe substantial changes

in the antagonistic abdominal muscle activity, which remained small across conditions

(i.e., did not exceed 5% MVC), nor did we observe changes in posture; although minor

compensatory strategies may have been used which were not captured by our measure-

ments. It is known that people habituate to assistive devices at different rates, and thus

differences in learning/adaptation rate may explain some of the inter-subject variability

observed in this study; particularly, given the relatively short training/acclimation pe-

riod. In the future it will be interesting to test subjects after longer (e.g., multi-day or

multi-week) training periods, or to test individuals at different time points during the

habituation process.

3.4.3 Did changes in the fatigue rate occur uniformly across the lumbar muscles?

Changes in fatigue rate were generally not uniform across lumbar muscles based

on findings from both visual inspection and inferential statistics (Table 3.2, Figure 3.4).

For instance, subjects 2, 3 and 6 showed considerable variability across muscles; with

significant reductions in some muscles and non-significant changes in others. Even for

subjects 1 and 5 who showed significant reductions across 4-6 muscles (Table 3.2), the

magnitudes of these reductions varied across muscles (from 38-67% in subject 1, and

from 26-85% in subject 5). Because many muscles span the lumbar spine, there are

countless different muscle activation patterns that can result in the same net lumbar

joint torque. This begs the question: how do subjects decide which lumbar muscles to

offload/relieve when exosuit assistance is provided? Based on our findings, the lumbar

muscles that fatigued the fastest (i.e., had the greatest MDF slope magnitude) during the

A1 control trial appeared more likely to have statistically significant reductions when

the exosuit intervention was introduced (Figure 3.6). This trend suggests that subjects

may have chosen to preferentially offload muscles that were fatiguing the fastest during
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this leaning task. Previous work shows that the fastest fatiguing lumbar muscles best

predict endurance time [93], indicating that they may be a limiting factor for endurance.

By preferentially offloading the fastest fatiguing lumbar muscles (as opposed to other,

slower fatiguing lumbar muscles), subjects may derive the greatest benefit in terms of in-

creasing their endurance time. The hypothesis that individuals choose to relieve muscles

that are fatiguing the fastest, warrants further investigation.

3.4.4 Insights from group-level analysis

On average, all muscles exhibited reductions in fatigue rate when wearing the exosuit

vs. both control trials, by between 29% and 47% (Figure 3.5). However, these reductions

only reached statistical significance for the left and right longissimus thoracis muscles

for Case I and the right longissimus thoracis and the right iliocostalis lumborum muscle

for Case II (Figure 3.5). This result (i.e., a limited number of statistically significant

reductions) was not surprising given the small sample size (N=6), meaning that the

study was underpowered from a group analysis perspective. However, biomechanical

interventions often result in high inter-subject variability in responses [11], which is why

we focused on subject-specific findings in this study. Based on the subject-specific results

it was clear that individual users received benefits to different lumbar muscles. For

instance, subject 2 and subject 6 each benefited from the exosuit, yet showed reductions

in fatigue for a different (non-overlapping) subset of lumbar muscles (Figure 3.4). This

observation is potentially relevant for the development of biomechanical test methods

or ergonomic assessment standards for exosuits and exoskeletons. For example, if we

had only recorded a subset of the lumbar muscles (e.g., only RLM and LLM) we would

have concluded that the exosuit benefitted subject 3, but not subject 6 (Figure 3.4). But

with a more comprehensive sample of lumbar muscles (e.g., the six monitored in this

work) we conclude that the exosuit benefitted both subjects 3 and 6; however, these
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subjects happen to derive benefits for a different subset of back extensor muscles. Thus,

assuming that synergistic muscles (e.g., lumbar extensor muscles) will behave or adapt

similarly to an intervention may generate misleading conclusions. Given the abundance

of muscles that can contribute to lumbar extension it generally will not be known a priori

which specific muscles will exhibit benefits for each individual, and thus it may not be

known which muscles should be monitored. This may bring about challenges related

to the standardization of assessment metrics across tasks and devices, and complicate

objective comparisons and interpretations between individuals.

3.4.5 Latissimus dorsi (LD) observations

We observed that the LD muscles could significantly affect the activity of the six lum-

bar muscles. The LD muscles primarily adduct, extend and medially rotate the shoulder

joint, but they also contribute to lumbar extension. Previous studies have suggested that

the magnitude of lumbar extension torque provided by the LD is generally small (and

often negligible) relative to the contributions of other lumbar muscles during tasks such

as lifting [21, 98, 99]. However, during pilot testing of the leaning task, we observed that

some individuals would greatly increase their LD activity (typically about 60 seconds

into the trial, Figure 3.7). Concurrently, muscle activity from the six lumbar muscles

would noticeably decrease; suggesting that subjects were offloading the six lumbar mus-

cles by activating their LD muscles. Interestingly, this behavior of the LD muscles is

somewhat similar to the behavior of the exosuit, because they both apply forces across

the entire thoracolumbar spine, they both have a mechanical advantage relative to the

underlying lumbar muscles (i.e., larger moment arm about the lumbar spine), and when

engaged they can both offload other lumbar extensor muscles. Because of this LD behav-

ior (which was employed inconsistently by subjects) we implemented a real-time visual

feedback system (as detailed in Methods) to help minimize LD activity that would oth-
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erwise confound our interpretation of muscle fatigue rate based on conventional metrics

(i.e., fitting a single linear regression to MDF data).

Figure 3.7: Latissimus dorsi (LD) and lumbar muscle interaction. Representative normal-
ized muscle activity (RMS magnitude in %MVC, N=1) of the LD muscle group (black
line, mean of left and right LD) and the muscle activity of the lumbar muscles (gray lines,
mean of all six recorded lumbar muscles) during a leaning trial (i.e., trial A2). Dashed
lines are linear regression fits of each group mean during two distinct phases, i.e., phase
1 (0-60s) where LD amplitude remains low, and phase 2 (60-90s) where the LD ampli-
tude increases substantially. The extension torque applied by the LD muscles about the
lumbar spine can become significant (phase 2, increase in dashed-black slope) reducing
the effort required by the low back muscles (phase 2, negative slope of dashed-gray line).

Limitations

These findings should be considered and interpreted with a few experimental lim-

itations in mind. The number of subjects tested with the exosuit intervention (N=6)

was relatively small, resulting in low-power group-level (inter-subject) results. However,

our main goal was to investigate responses at a subject-specific level. Using an A-B-A

(withdrawal design) protocol provided convincing evidence that the exosuit assistance
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reduced the rate of lumbar muscle fatigue, and that the fatigue rate increased back to the

baseline when assistance was removed (Table 3.2, Figure 3.5). The magnitude of exosuit

assistance varied between subjects (2.0-3.0 N/kg, Table 3.3). This variability was the re-

sult of prototype fit, manual tuning and other practical factors. Although this variability

was not intentional, it revealed how the magnitude of fatigue reduction may be related

to the magnitude of assistance, which is consistent with intuition and prior literature.

We did not include dynamic movements (such as lifting) in this study. For the simple

leaning task explored in this work, we needed a highly controlled setup (e.g., custom

scaffold and real-time feedback). The protocol would need to be altered to test dynamic

movements. Nevertheless, in previous work we showed that this exosuit design can re-

duce lumbar muscle activity during dynamic movements like lifting, and this matches

subjective feedback on perceived exertion while wearing the exosuit [82]. Also prior

studies using a somewhat similar back assistive device have demonstrated reductions in

back muscle fatigue rate during lifting [90]. Therefore, our expectation is that the type of

exosuit tested in this study will also reduce fatigue during other related tasks such as lift-

ing and lowering. We measured sEMG over numerous sites (12, if we include abdominal

and LD muscles); however, this still only represents a subset of muscles that contribute

to lumbar flexion/extension. On a related note, we did not estimate contributions from

passive (e.g., ligament) tissues around the spine; instead we attempted to keep these

contributions small and consistent by targeting a neutral lumbar angle and by keeping

this angle consistent across trials using biofeedback. Only half of subjects tested during

the Day 1 session showed reductions in MDF slope between the two weight conditions

(11 kg vs. 16 kg). One potential explanation for this finding is that the 5 kg differ-

ence between the two conditions may not have caused a large enough change in muscle

activation for some subjects to exhibit changes in MDF slope; reflecting potential limita-

tions in sEMG measurement sensitivity. Inducing greater changes in muscle activation

would likely elicit more distinct changes in MDF slope (e.g., 10 kg difference in Farina
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et al. [45]). We note that non-parametric statistical tests are generally recommended

for single-subject analysis, as detailed in Fisch 2001 [49]. But in this study we used

a parametric test (analysis of covariance) for the supplementary statistics. We used a

parametric test because the accepted measure of sEMG muscle fatigue is based on linear

regression, which is a parametric regression; thus, we could not perform non-parametric

statistics without fundamentally altering the accepted measure of muscle fatigue (MDF

slope from linear regression). Nevertheless, we have confidence in our findings because

they were corroborated by visual inspection (Figure 3.3) and because the muscle fatigue

rate during A2 returned back to the A1 baseline after the exosuit assistance was removed

(Figure 3.5, Table 3.2). Finally, asking subjects to lean without activating their latissimus

dorsi muscles did add an additional constraint, but we found that it was necessary to

control latissimus dorsi activity for conventional fatigue metrics to be valid (e.g. linear

regression to MDF data). Qualitatively, the sudden increase in latissimus dorsi mus-

cle activity may serve as another practical indicator of lumbar extensor muscle fatigue

in some individuals, but at present there is not a generalized framework for assessing

muscle fatigue using both MDF slope and latissimus dorsi behavior in combination. We

do not believe any of these limitations alter the overall conclusions from this study; the

A-B-A protocol provides unambiguous evidence of reduced lumbar muscle fatigue in 5

of the six subjects when wearing the exosuit.

3.5 Conclusion

We found that an un-motorized, low-profile elastic exosuit could significantly reduce

the rate of lumbar muscle fatigue during leaning. We observed inter-subject variabil-

ity in the number of muscles that benefited, which specific muscles benefited, and the

degree to which each muscle benefited (percentage reduction in fatigue rate) from wear-

ing the exosuit prototype. These findings suggest that this type of exosuit could be

effective for reducing the lumbar fatigue of individuals who perform bouts of leaning,
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bending or stooping (e.g., dentists, nurses, assembly line workers, material handlers and

construction workers).

54



Chapter 4

Subject-Specific Responses to an Adaptive Ankle Prosthesis During Incline Walking

Individuals with lower-limb amputation often have difficulty walking on slopes, in

part due to limitations of conventional prosthetic feet. Conventional prostheses have

fixed ankle set-point angles and cannot fully replicate able-bodied ankle dynamics.

Microprocessor-controlled ankles have been developed to help overcome these limita-

tions. The objective of this study was to characterize how the slope adaptation feature of

a microprocessor-controlled ankle affected individual prosthesis user gait biomechanics

during sloped walking. Previous studies on similar microprocessor-controlled ankles

have focused on group-level results (inter-subject mean), but did not report individual

subject results. Our study builds upon prior work and provides new insight by pre-

senting subject-specific results and investigating to what extent individual responses

agree with the group-level results. We performed gait analysis on seven individuals

with unilateral transtibial amputation while they walked on a 7.5 °incline with a re-

cently redesigned microprocessor-controlled ankle that adjusts ankle set-point angle to

the slope. We computed gait kinematics and kinetics, and compared how users walked

with vs. without this set-point adjustment. The microprocessor-controlled ankle in-

creased minimum toe clearance for all subjects. Despite the microprocessor-controlled

ankle behaving similarly for each user, we observed marked differences in individual

responses. For instance, two users switched from a forefoot landing pattern with the

microprocessor-controlled ankle locked at neutral angle to rearfoot landing when the

microprocessor-controlled ankle adapted to the slope, while two maintained a forefoot

and three maintained a rearfoot landing pattern across conditions. Changes in knee an-

gle and moment were also subject-specific. Individual user responses were often not well

represented by inter-subject mean. Although the prevailing experimental paradigm in
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prosthetic gait analysis studies is to focus on group-level analysis, our findings call atten-

tion to the high inter-subject variability which may necessitate alternative experimental

approaches to assess prosthetic interventions.

4.1 Introduction

Healthy individuals adjust to sloped terrains via characteristic changes in gait kine-

matics and kinetics [52, 63, 81, 86, 87, 100, 121]. For example, healthy individuals typ-

ically dorsiflex their ankle more during stance and generate more positive ankle work

when walking uphill than during level ground walking [100]. Individuals with lower-

limb amputation, however, are often incapable of making similar adjustments with their

prosthetic side [141, 143], due in part to the limitations of conventional prosthetic feet.

Most conventional prosthetic feet are passive (cannot generate net-positive work) and

have a fixed ankle set-point angle [7, 40], which limits prosthetic ankle articulation dur-

ing common daily activities like incline walking [141]. Limitations of conventional pros-

thetic feet can have detrimental effects on individuals with lower-limb amputation. For

instance, reduced speed, cadence, prosthetic-side single-support time and knee moment

have been attributed to the limited range of motion of conventional prostheses [141, 143].

Other studies have reported reduced toe clearance of the prosthetic side relative to the

intact side which may increase trip and fall risk [35]. Prosthesis users have also been ob-

served to exhibit an increased amplitude and duration of muscle activity during sloped

walking [141] which may accelerate the rate of fatigue.

Adaptive prosthetic ankles have been developed in recent years in an effort to ad-

dress limitations of conventional passive prosthetic feet. Various adaptive prostheses are

commercially available and have been designed to restore some degree of healthy ankle

behavior (e.g., dorsi-/plantar-flexion range-of-motion (Endolite Elan and Fillauer Raize),

powered push-off (Ottobock Empower)). Among these adaptive ankles are quasi-passive

devices, such as the Össur ProprioFoot, which uses a microprocessor and low-power mo-
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tor to adjust the set-point of the ankle angle when the device is unloaded (i.e., during

swing phase) to better conform to sloped terrains [78]. For example, during incline walk-

ing the ProprioFoot increases the ankle dorsiflexion angle [51], as is observed in healthy

ankle behavior [64]. A few previous studies on individuals with unilateral transtibial

amputation have investigated the biomechanical effects of the ProprioFoot on sloped

terrains. Fradet et al. [51] found that on average the increased dorsiflexion of the Propri-

oFoot led to increased peak prosthetic-side knee flexion (by 8°) and increased peak knee

flexion moment (by 0.2 Nm/kg) in early stance (0-40% gait cycle) during 7.5°incline

walking (N=16), compared against the ProprioFoot without the set-point adjustment.

Otherwise, they observed minimal changes in prosthetic-side and intact-side kinematics

and kinetics during both incline and decline walking. Agrawal et al. [7] found that

the ProprioFoot improved inter-limb work symmetry for K2-level [56] prosthesis users

during decline walking as compared against a K1 (solid ankle cushioned heel prosthe-

sis) foot (N=10). Statistically significant differences were not found for incline walking,

nor for K3-level prosthesis users. Darter et al. [33] found that the ProprioFoot reduced

metabolic energy expenditure during decline walking relative to users’ daily-use pros-

theses (N=6). However, metabolic differences were not statistically significant when

comparing the ProprioFoot with vs. without the set-point angle adjustment.

Previous adaptive prosthesis studies [7, 33, 51] have primarily analyzed and reported

results from a group-level perspective (i.e., computing inter-subject means and standard

deviations, paired t-tests and repeated measures analysis of variance); however, group-

level behaviors may not reliably reflect the behaviors of individuals within the group

[50]. Prosthesis users are well known to be a heterogeneous population, even within

a given K-level. It is not uncommon for multiple prosthesis users to adapt in different

ways to the same intervention, or for some users to benefit while others do not (e.g., [25]).

This variability may be due to inherent differences amongst prosthesis users (e.g., cause,

level and type of amputation) and/or clinical adjustments, such as prosthesis alignment,
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which can be highly variable. With a large enough sample size, these covariates could be

factored into an analysis (e.g., stratification, multivariate models, or logistic regression

[116]) to help explain the effects of these covariates on biomechanical outcomes. How-

ever, most instrumented gait analysis studies on prosthesis interventions are conducted

on small sample sizes (10.2 ± 5.5 subjects [138]). It is not uncommon for the number of

covariates (confounding variables) to exceed the number of subjects tested, thus these

population-based analyses are generally not adequate to account for covariates in gait

analysis studies. In light of these limitations and challenges, the objective of this study

was to characterize how individual prosthesis users alter their gait biomechanics during

sloped walking with an adaptive ankle prosthesis, versus walking with the same ankle

when the adaptive feature was turned off (i.e., ankle fixed in the nominal prosthetist

alignment). This comparison allows us to directly evaluate the effects of the ankle adap-

tation without introducing additional confounds due to differences in size, mass, shape,

or stiffness across prostheses. This study provides a unique contribution to the literature,

and builds upon prior work, by presenting subject-specific outcomes in order (i) to better

elucidate how individuals adapt their gait pattern to an increase in ankle dorsiflexion

set-point angle provided by a recently redesigned microprocessor-controlled ankle, and

(ii) to investigate to what extent these individual adaptations are reflected by group-level

responses.

4.2 Methods

4.2.1 Participants and Intervention

Eight individuals with unilateral transtibial amputation were recruited for this study.

However, one prosthesis user was omitted from the analysis because he was not com-

fortable walking on slopes when the MPA was locked at neutral angle. The seven par-

ticipants analyzed (6 male, 1 female, height 1.76 ± 0.07 m, mass 89.0 ± 14.1 kg, age
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41.4 ± 13.4 yrs.) were either K3- or K4-level ambulators, each at least 6 months post

amputation surgery (Table 4.1, for participant details). All participants provided writ-

ten informed consent, according to Vanderbilt Institutional Review Board procedures.

Participants were fitted with an adaptive microprocessor-controlled ankle (MPA) by a

trained prosthetist, and were educated on the functions of the device. The prosthesis

tested in this work was a premarket MPA developed and fabricated by Össur; it is the

next generation of the ProprioFoot, which has various software and hardware updates

relative to its predecessor (Figure 4.1, A). Specifically, this device has an updated foot

blade design based on the Pro-Flex LP (Össur), which may affect the stiffness and elastic

energy storage/return properties of the prosthesis [31], whereas the previous generation

ProprioFoot’s foot blade was based on the Vari-Flex LP (Össur). This MPA provided

two behaviors not found in conventional prosthetic feet. First, the MPA changed the

set-point angle proportionally to the ground slope. It was programmed to dorsiflex the

ankle to 75% of the incline slope angle (estimated via onboard sensors). Second, to

facilitate toe clearance, the MPA dorsiflexed the ankle during early leg swing, then plan-

tarflexed the ankle later in swing to return to the ankle set-point angle (in preparation

for stance phase). After the fitting, prosthesis users wore the MPA for at least two weeks

of at-home acclimation before returning for instrumented gait analysis testing.
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Figure 4.1: Premarket microprocessor-controlled prosthetic ankle (MPA) developed by
Össur (left) and sagittal view of the placement of passive reflective markers on the MPA
and socket (right). Foot marker placement was intended to mirror markers on the intact
foot (medial epicondyle, medial malleolus, and 1st metatarsal not shown).

4.2.2 Procedure

Prosthesis users performed level (0°) and sloped (incline/decline 7.5°[51]) walking

on a treadmill at a fixed speed (0.8 m/s for 6 users, and 0.9 m/s for user 6 who felt

more comfortable at this speed), and also stair ascent and descent. Prosthesis users

performed walking conditions in the following order: (i) the MPA with the ankle adap-

tation feature turned on (hereafter referred to as the MPA condition), (ii) the MPA with

the adaptation feature turned off and the ankle fixed at a neutral angle (i.e., the align-

ment set by the prosthetist during fitting, hereafter referred to as the MPA-unadapted

condition), and (iii) with their daily-use prosthesis (Table 4.1). Prosthesis users wore
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their preferred shoes during each testing condition (Table 4.1). Prosthesis users were

not instructed to adopt any particular gait pattern, and were allowed to adapt as they

desired. For brevity, and due to the large number of subject-specific results, we only

present findings on the incline walking with the MPA vs. MPA-unadapted conditions in

this work. These conditions allow us to isolate the effect of changing the ankle set-point

angle on slopes without confounds due to the physical differences between the MPA and

daily-use prostheses. Ground reaction force data were collected under each foot at 1000

Hz using a split-belt force-instrumented treadmill (Bertec, Columbus, OH, USA), and

lower-body kinematics were recorded at 200 Hz via a synchronized 10-camera motion

capture system (Vicon, Oxford, UK). Passive reflective markers were placed bilaterally

over the anterior/posterior superior iliac spines, medial/lateral femoral epicondyles and

malleoli, calcaneus, 1st and 5th metatarsal, and navicular bone. Clusters of four markers

were placed bilaterally on the thigh and shank for segment tracking. Six markers were

placed on the prosthetic socket (cluster of four on the body of the socket and two near

the medial/lateral femoral epicondyles), and six were placed on the prosthetic-side shoe

(estimated location of medial/lateral malleoli, calcaneus, 1st and 5th metatarsal heads

and navicular bone, Figure 4.1, B).

4.2.3 Data Analysis

Joint angles, moments and powers were calculated over the stride, via inverse dynam-

ics (Visual3D, C-Motion, Germantown, USA). Of note, ankle-foot power was calculated

using an inverse dynamics estimate that considers contributions from all sources distal

to the shank (or distal to the prosthetic socket for the prosthetic side) to avoid errors

resulting from rigid-body assumptions of the ankle-foot [133, 158]. Toe height during

swing phase was estimated using a geometric model based on reflective markers placed

on the foot, similar to previously published techniques [17]. All data were divided into

strides and processed for each participant and condition (yielding a mean of 25 strides
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± 9 strides per trial). Note that for the MPA condition, only strides after the foot had

adapted to the slope were used in the average. Data were normalized to 100% stride

cycle, and then averaged across strides prior to reporting. Prior to analysis, ground re-

action force and motion capture data were filtered with a zero-lag 3rd order low-pass

Butterworth filter at 15 and 6 Hz, respectively. Inter-subject comparisons between the

MPA and MPA-unadapted conditions were performed with a non-parametric Wilcoxon

signed-rank test (=0.05).

4.2.4 Outcome Metrics

In this work, we focus on a few select metrics. First, we report prosthetic-side sagittal

ankle angle in order to confirm proper MPA function (i.e., that the MPA dorsiflexed to ac-

commodate the sloped terrain, and also dorsiflexed during swing phase to aid toe clear-

ance). Next, we report a few key outcome metrics that capture changes in participant gait

biomechanics. These metrics include prosthetic-side (i) minimum toe clearance (MTC)

during swing phase, (ii) fore-aft center-of-pressure, which provided an objective means

of differentiating a rearfoot vs. forefoot landing pattern, and (iii) sagittal knee angle and

moment, which were reported in prior work [51] and may be important towards under-

standing changes in knee behaviors such as knee joint loading [122]. A few additional

results are presented in the main text to assist readers in contextualizing and interpret-

ing results and/or generating their own hypotheses based on the subject-specific results

provided. First, we computed inter-subject mean outcomes, similar to prior ProprioFoot

studies (e.g., [8, 51]). The inter-subject mean curves provide a reference to visualize if

and when individuals adopted gait strategies that are consistent or inconsistent with the

group mean. In order to remove the variability in kinetic measurements due to physical

differences between subjects, data were non-dimensionalized using base units of mass,

gravity and leg length prior to computing the inter-subject averages [110]. Second, we

included data from the participants’ daily-use prosthesis, which provides a reference for
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how each individual walks in daily life. Third, six healthy controls (4 female, 2 male,

height 1.78 m ± 0.1 m, mass 69 kg ± 10.6 kg, age 21 years ± 1.8 years were tested with the

same protocol. To help account for differences in size and weight, control data were non-

dimensionalized. We then computed kinematic and kinetic outcome measure means and

standard deviations. Finally, we re-dimensionalized these mean control outcomes using

the mean mass and leg length of the analyzed unilateral transtibial amputation group.

4.3 Results

For all individuals, the MPA adjusted to the incline slope and provided dorsiflex-

ion during swing phase (Figure 4.2), as expected. The MPA increased dorsiflexion by

6.6° ± 1.5° relative to the MPA-unadapted. During leg swing, the MPA provided 4.5°

± 0.5° of additional dorsiflexion at 80% of the gait cycle (Figure 4.2). This resulted in

an increase in minimum toe clearance (MTC) for all participants (mean 2.0 cm ± 0.4 cm

more clearance, p=0.0156) relative to the MPA-unadapted. Participants exhibited two

distinct incline walking strategies on their prosthetic side: (i) rearfoot landing, which

was qualitatively similar to the behavior of the healthy controls and is characterized

by a posterior-to-anterior (i.e., heel-to-toe) progression of the center-of-pressure (CoP,

presented in the reference frame of the foot) and (ii) forefoot landing, which is charac-

terized by an anterior bias of the CoP during the first 40% of the gait cycle. Rearfoot

vs. forefoot landing were characterized using the CoP, and confirmed visually using

video footage of the trial. However, the landing pattern used for a given condition (MPA

vs. MPA-unadapted) was highly user-specific. Three users adopted a rearfoot landing

pattern on the MPA-unadapted and maintained that pattern on the MPA. Out of the

four users who adopted a forefoot pattern on the MPA-unadapted, two transitioned to

a rearfoot pattern on the MPA while two maintained the forefoot pattern (Figure 4.3).

Prosthetic-side knee angle and moment trends were also user-specific. For three users,

stance-phase knee-flexion was decreased with the MPA vs. MPA-unadapted (Figure 4.4).
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Three users showed the opposite trend, i.e., greater stance-phase knee-flexion with the

MPA vs. MPA-unadapted, while one user exhibited minimal changes to knee angle be-

tween the conditions. Six of seven users showed increased prosthetic-side knee-extension

moments with the MPA relative to the MPA-unadapted (Figure 4.5). The remaining user

showed a reduction in prosthetic-side knee-extension moment with the MPA relative to

the MPA-unadapted. There were also various other differences between users in terms of

peak knee moment magnitude and time-varying waveform over the stride (Figure 4.5).

Figure 4.2: Prosthetic-side sagittal ankle angle for each prosthesis user as well as the
seven-subject average during incline walking for the MPA (solid), MPA-unadapted
(dashed), and daily-use prosthesis (dash-dot) conditions. Positive values indicate dorsi-
flexion. Shaded gray region represents control mean ± one standard deviation. Ankle
angle is defined as the angle between the shank and the foot and was calculated via
motion capture markers on the foot and shank segments.
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Figure 4.3: Anterior/posterior position of the prosthetic-side center-of-pressure (CoP) in
the foot reference frame (where 0% and 100% correspond to the rearfoot and forefoot,
respectively) during incline walking for each prosthesis user as well as the seven-subject
average for the MPA (solid), MPA-unadapted (dashed), and daily-use (dash-dot) condi-
tions. CoP provides a means of visualizing whether users adopted a rearfoot landing
pattern (similar to control subjects, shaded gray) vs. a forefoot landing pattern (larger
CoP value in early stance indicates CoP is under forefoot). CoP measurements were
truncated for vertical ground reaction forces less than 30 N to minimize noise for plot-
ting purposes. Users 1 and 3 transitioned from a forefoot landing pattern with the
MPA-unadapted to a rearfoot pattern with the MPA, whereas users 2, 4 and 5 exhibited
a rearfoot landing pattern for both conditions. Users 6 and 7 exhibited forefoot land-
ing for both conditions. Shaded gray region represents control mean ± one standard
deviation.
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Figure 4.4: Prosthetic-side sagittal knee angle for each prosthesis user, as well as the
seven-subject average during incline walking with the MPA (solid), MPA-unadapted
(dashed), and daily-use (dash-dot) conditions. Positive values indicate knee flexion.
Six of seven users exhibited changes >5 in their maximum knee flexion in early stance
(10–15% of gait cycle); however, these changes were not consistent among subjects. A
subset of users (1, 3 and 7) exhibited reduced knee flexion with the MPA vs. MPA-
unadapted, whereas another subset (2, 4, 5) exhibited increased knee flexion. Shaded
gray region represents control mean ± one standard deviation.
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Figure 4.5: Prosthetic-side sagittal knee moment for each prosthesis user, as well as
the seven-subject average during incline walking with the MPA (solid), MPA-unadapted
(dashed), and daily-use (dash-dot) conditions. Positive values indicate knee extension
moments. Six of seven users exhibited an increase in stance-phase knee extension mo-
ments when walking on the MPA vs. MPA-unadapted; however, there was substantial
variability in waveforms between users. Shaded gray region represents control mean ±
one standard deviation.

Table 4.1: Prosthesis user information. User 3 is female, the rest are males. All users
have unilateral transtibial amputation.
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Table 4.2: Subject-specific prosthesis set-point angles (i.e., sagittal plane dorsiflexion an-
gle of the prosthetic foot relative to neutral). A neutral angle of 0 corresponds to the
foot being orthogonal to the pylon. For MPA-unadapted this angle corresponds to the
standard alignment made by the prosthetist for that individual. For the MPA, larger
angles indicate that the ankle is more dorsiflexed (i.e., set-point adjusted to accommo-
date slope). Angles are reported in degrees. Subjects are ordered from most to least
dorsiflexed set-point in MPAunadapted condition. Ankle angle is defined as the angle
between the shank and the foot. The set-point angles for the MPA-unadapted and MPA
were calculated as the ankle angle at terminal swing.

4.4 Discussion

Despite the same intervention (increased dorsiflexion with the MPA during incline

walking), changes in gait biomechanics across users were highly variable. Some users

switched from a forefoot landing pattern on the MPA-unadapted to a rearfoot landing

pattern when the MPA adapted to the slope, some exhibited a forefoot landing pattern

regardless of the MPA ankle adaptation, and yet others exhibited a rearfoot landing pat-

tern regardless of ankle adaptation (Figure 4.3). Rearfoot landing is more consistent with

how healthy controls walked up the incline (Figure 4.3, shaded gray), and thus might be

considered beneficial from a gait appearance or psychosocial standpoint [23]. Changes

in knee kinematics and kinetics were also subject-specific (Figure 4.4-Figure 4.5). For

instance, some users exhibited more knee flexion in early stance with the MPA, whereas
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others exhibited less, and one individual showed negligible change (Figure 4.4).

As a result of high inter-subject variability, group-level biomechanical results (e.g.,

inter-subject means) did not reflect the behavior of each individual. For example, the

7-subject mean CoP curve suggests that users transitioned from a forefoot landing pat-

tern on the MPA to a rearfoot landing pattern with the MPA (Figure 4.3, Average). At

best, this mean curve only partially reflects the gait of a subset of users and largely

misrepresents the remaining users. Furthermore, the mean knee angle curve suggests

that the MPA condition had little effect on user knee flexion. In post-processing we

performed a group-level statistical analysis and found that the negative peak at 10%

gait cycle was not significantly different across users (Figure 4.4, p=0.468). Nonetheless,

the majority (six of seven) of individual subjects exhibited changes >5°in knee flexion.

One subset of individuals exhibited more knee flexion with the MPA, whereas another

exhibited less knee flexion, such that averaging effectively canceled out these inverse

effects in the average results. To summarize and report large amounts of biomechani-

cal data from gait analysis studies, prior prosthesis studies – including our own – have

primarily presented group-level results (e.g., [7, 33, 51, 162]), but this may inadvertently

mask trends and important behaviors exhibited at an individual level. This highlights a

contemporary challenge with prosthesis research [25], and more generally with human

subject research [50, 152], namely that group mean results may not reflect the behaviors

of individuals.

Observed discrepancies between inter-subject mean and individual responses call

attention to prevailing experimental protocols that involve testing prosthesis users on

one or more interventions, and then performing group-level statistical analyses to iden-

tify significant effects. One of the most common ways to evaluate prosthetic interven-

tions involves controlled experiments (e.g., with parallel or cross-over design) to evalu-

ate whether an intervention improves a given outcome for a group of prosthesis users.

Group-level analyses may be appropriate when responses are known to be consistent
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across a given population [50], and useful for certain practical purposes (e.g., to in-

form whether an intervention is beneficial enough, on average, to be covered by insur-

ance). There are many circumstances when generalizability across prosthesis users is

not expected (e.g., due to variability in residual limb length or pain, type of amputation

surgery, fitness level, height, weight, age, etc.). Also, research on new prosthetic devices

are often carried out on relatively small (and often statistically underpowered) sample

sizes, due in part to constraints related to time, cost and access to study participants.

Thus, typical sample sizes used in prosthetic gait analysis studies often preclude the use

of statistical methods that help account for confounding variables between subjects. Fur-

thermore, especially for new devices, the sub-population who will benefit may not be

known a priori. As a result, it is common that some subset of users exhibits an intended

outcome, while others may not. Finally, it is not clear that obtaining group-level statis-

tical significance is always of critical importance for evaluating prosthetic interventions.

Particularly for new interventions, and interventions designed for highly heterogeneous

populations, it may be more important to determine if a subset of users can derive a

substantial (e.g., clinically meaningful) benefit from the device and/or to determine the

range of potential behavioral responses. From a clinical perspective, an intervention

need not be beneficial for all individuals within a group, nor demonstrate statistically

significant improvements on average across a group, in order to be beneficial for a single

user or subset of users. A key question moving forward is whether group-level analysis

should continue to be the de facto standard for evaluating prosthetic interventions (as

it currently seems to be), particularly given the number of existing and emerging tech-

nologies and the practical constraints on testing large samples of prosthesis users using

instrumented gait analysis. The field may benefit from supplementing conventional

group-level analyses with alternative approaches such as single-subject study designs

[11, 128] or from various improvements in data presentation [148, 147], such as depict-

ing subject-specific data points within plots, enumerating the number of participants
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who exhibited a key outcome or trend, reporting subject-specific results in supplemen-

tary material, or publicly archiving subject-specific data to empower other researchers

to explore subject-specific responses.

There were several limitations to this study. First, we analyzed a limited sample,

which included seven prosthesis users. This study included only K3-K4 prosthesis users

due to the interest and availability of participants who were willing to devote two weeks

to acclimating to a new device and several hours to in-lab testing. This challenge of

self-selection and subject availability is common amongst prosthesis studies and itself

can introduce a bias in the types of individuals tested. Subjects were given more time

to acclimate to the MPA condition than to the MPA-unadapted condition. Participants

were given at least two weeks to acclimate at home to the MPA, whereas the MPA-

unadapted condition was introduced during initial training on the device and during

the testing protocol. As such, participants were only given several minutes of walking

time on this condition. However, because the ankle was locked at neutral configura-

tion, the expectation was that the MPA-unadapted condition was sufficiently similar

to commonly-prescribed prostheses, such that the participants did not need extensive

time to acclimate. The order of the prosthesis conditions were not randomized pos-

sibly resulting in ordering effects. We did not enforce the same prosthesis alignment

(foot relative to pylon angle) across MPA users. Each user had their MPA aligned by a

trained prosthetist using typical standard of care procedures, which includes taking into

account each user’s comfort and preference. As a result the prosthesis alignment varied

between users (Table 4.2). However, there was no indication that this subject-specific

alignment explained differences observed in terms of rearfoot vs. forefoot landing pat-

tern (Figure 4.1), or more vs. less knee flexion when using the MPA. Note that the sub-

jects’ daily-use prosthesis was fit by their standard care provider, and we did not change

this alignment prior to testing; as a result the MPA and daily-use prostheses were fit by

different prosthetists. However, the daily-use prosthesis condition was only intended as
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a reference and thus does not affect the main conclusions of the study. The control group

tested was not age-, size-, or weight-matched to the prosthesis users; however, as stated

in Methods, the data set was non-dimensionalized and re-dimensionalized using the

prosthesis users’ average mass and leg length values. The results here inform the design

of prosthetic feet, and the degree to which an ankle adaptation feature affects the gait

of different individuals. The study was not intended to directly inform clinical decision-

making for a prosthetist deciding between two different prostheses (e.g. one MPA vs.

another non-MPA) on the market, since these feet will also differ in other aspects such

as mass, inertia, shape or stiffness.

4.5 Conclusion

In this work we characterized how seven unilateral transtibial prosthesis users adapted

to walking with an MPA that adapted its ankle to inclined slope, relative to the same

MPA with ankle unadapted (i.e., fixed in its neutral alignment). Despite the MPA behav-

ing similarly for each user (i.e., dorsiflexing the ankle to help accommodate to the slope),

we observed marked differences in user gait patterns (rearfoot vs. forefoot landing) and

in gait biomechanics (as evidenced by changes in knee angle and moment). Comprehen-

sive subject-specific kinematics and kinetics are presented in the Appendix for reference.

Although the prevailing experimental paradigm in prosthetic gait analysis studies is to

focus on group-level (inter-subject mean) analysis, these results call attention to the high

inter-subject variability which may necessitate alternative experimental approaches and

alternative data visualization strategies to better understand and assess the effects of

emerging prosthetic interventions.
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Chapter 5

Design, Modeling and Demonstration of a New Dual-Mode Back-Assist Exosuit

Occupational exoskeletons and exosuits have been shown to reduce muscle demands

and fatigue for physical tasks relevant to a variety of industries (e.g. logistics, con-

struction, manufacturing, military, healthcare). However, adoption of these devices

into the workforce has been slowed by practical factors related to comfort, form-factor,

weight and not interfering with movement or posture. We previously introduced an

un-motorized, low-profile, dual-mode exosuit comprised of textile and elastic materi-

als to address these adoption barriers. Here we build upon this prior work by intro-

ducing an extension mechanism that increases the moment arm of a exosuit while in

engaged mode, then collapses in disengaged mode to retain key benefits related to be-

ing lightweight, low-profile and unobstructive. Here we demonstrate both analytically

and empirically how this extensible exosuit concept can (i) reduce device-to-body forces

(which can improve comfort for some users and situations), or (ii) increase the magni-

tude of torque assistance about the low back (which may be valuable for heavy-lifting

jobs) without increasing shoulder or leg forces relative to the prior form-fitting exo-

suit. We also introduce a novel mode-switching mechanism, as well as a human-exosuit

biomechanical model to elucidate how individual design parameters affect exosuit as-

sistance torque and device-to-body forces. The proof-of-concept prototype, case study

and modeling work provide a foundation for understanding and implementing extensi-

ble exosuits for a broad range of applications. We envision promising opportunities to

apply this new dual-mode extensible exosuit concept to assist heavy-lifting, to further

enhance user comfort, and to address the unique needs of last-mile delivery workers
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5.1 Introduction

Occupational exoskeletons and exosuits have been developed for industrial applica-

tions such as manufacturing, construction and material handling [48], and have been

demonstrated to reduce physical demands, muscle activity and fatigue during a variety

of tasks [89]. Despite the promising potential of these technologies to alleviate physical

strain on workers, their adoption into industry has been slowed by practical factors such

as comfort, weight and form-factor [149, 12]. The challenge is that users are generally

unwilling to adopt a wearable device if it is uncomfortable or if it protrudes out from

their body in a way that is obstructive, unsafe or restricts movements needed to perform

their job [13, 151].

To overcome these adoption barriers we previously developed a back-assist exosuit

that was lightweight and sufficiently low-profile to fit underneath clothing, and was

primarily made of soft textile and elastic materials to minimize pressure points, discom-

fort and movement interference. We also demonstrated its ability to reduce low-back

muscle activity during lifting and bending tasks [82], and to reduce the rate of muscle

fatigue [83]. This exosuit (detailed in previous work [82]) uses elastic bands along the

back, which stretch when the user bends forward or crouches down, creating an assistive

torque about the low-back and hips that offloads the lumbar and hip extensor muscles.

In a variation of this exosuit design we integrated a mode-switching clutch (both manual

and motorized versions), which allowed the user to quickly engage and disengage the

exosuit assistance on demand [84, 160]. Users disengaged the exosuit to have full and

unrestricted range of motion when assistance was not needed.

The prior exosuit was designed to fit close to the body and therefore had a relatively

short moment arm (∼8 cm) relative to the lumbosacral joint (hereafter referred to as the

L5-S1 joint). To provide an assistive torque of 20 Newton · meters (Nm) with the exosuit

would require approximately 250 Newtons (N) of device-to-body forces on the shoulders

and legs. Although this is far below the force comfort limit observed on the shoulders
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and legs in a previous study (∼600-1000 N, [153]), we highlight two compelling cases

here. First, there may be individuals who are particularly sensitive to shoulder or leg

forces and for whom we may want to achieve the same 20 Nm assistive torque but with

reduced device-to-body forces to ensure comfort. Second, there may be individuals who

are comfortable with the nominal device-to-body forces, but who are engaged in heavy

lifting, and would like to increase the magnitude of exosuit assistance (e.g. to 40 Nm),

but maintain the same magnitude of device-to-body forces on the shoulders and legs.

One simple solution is to increase the moment arm of the exosuit by adding a spacer

between the elastic band and the back or buttocks. In this configuration, assistive torque

could be maintained while decreasing the force through the elastic bands and applied

to the shoulders and legs. Alternatively, in this configuration, if force through the elastic

bands is held constant (at 250 N) then the assistive torque about the low-back would

be increased. Devices such as the Personal Lift Assist Device have implemented this

style of design, and have demonstrated that this simple solution works as expected [3,

2]. However, this solution re-introduces the problem of form-factor: the device now

protrudes out from the back or buttocks in a way that can interfere with movement,

various postures (e.g. sitting), and the work environment.

In this work we sought to model, develop and show proof-of-concept for a new

patent-pending exosuit design [159] that could temporarily increase the exosuit’s mo-

ment arm using an extension mechanism during lifting and bending tasks. The extension

mechanism could then collapse and switch back to a low-profile configuration during

unassisted tasks (e.g. walking, sitting, (Figure 5.1, left)) to avoid interfering with move-

ment or the environment. The low-profile configuration is important because most of

the time the primary goal of an exosuit is simply to not get in the way of the user. Even

in jobs that are characterized by frequent or intensive lifting, workers spend only a frac-

tion of their time bent over and lifting (e.g. ∼ 10 percent of the time for retail workers,

[57]) and are otherwise performing tasks which do not require exosuit assistance. For
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most situations and occupations we would not expect a temporary protrusion (e.g. an

extension mechanism) from the back during lifting or bending to interfere with the task

or surrounding environment. This is because generally when a person is executing a

manual lifting or bending task, there is not another person or object immediately behind

them or encroaching on their backside. We have found this to be true in our personal

experiences and also observations of industrial workplaces such as warehouses, airports,

distribution centers and construction sites. In this manuscript we detail computational

modeling used to gain insight on exosuit design parameters, followed by design de-

tails on an exosuit prototype with an extension mechanism. We then present a case

study demonstration of its function in engaged (assistive) mode with the mechanism

extended, and in disengaged (stay-out-of-the-way) mode with the mechanism collapsed

(Figure 5.1). For the remainder of this paper, we refer to the exosuit design detailed in

our previous work as the form-fitting exosuit, and we refer to the newly proposed concept

as the extensible exosuit.
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Figure 5.1: Conceptual depiction of the extensible exosuit. This concept is shown
in disengaged (collapsed) mode during seated and standing postures, and in engaged
(extended) mode during lifting. The extensible exosuit is composed of a leg (a) and trunk
(b) interface, an elastic band (c), and a mechanism that can switch between an extended
(larger moment arm l′) and collapsed state (smaller moment arm l). The elastic band
(green) runs along the user’s posterior, over the moment arm mechanism, and connects
the leg interface to the trunk interface. In engaged mode, as the user bends forward or
crouches down, the elastic band stretches, applying tension forces to the leg and trunk
interfaces. The addition of the extension mechanism redirects the path of the elastic
band, increasing the exosuit moment arm (from l to l’) of the exosuit relative to the
lumbosacral (L5-S1) joint. This simplified image is only intended to introduce the basic
concept, and additional aspects of the design are detailed later in Section 5.4)

5.2 Design Approach Overview

Our approach involved a sequence of biomechanical modeling (Section 5.3), followed

by prototype design (Section 5.4), and then a proof-of-concept demonstration of an ex-

tensible exosuit prototype via a human subject case study (Section 5.5). We developed

a biomechanical exosuit-human model to gain insight on which design parameters were
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most important and how they interplay to affect device-to-body forces. Next we used

these model insights to inform design parameter selection, and fabricated an exosuit

prototype with an extension mechanism. Finally we performed a human subject case

study to demonstrate mechanical function of the prototype. Specifically, we sought to

confirm experimentally (i) that the extensible exosuit could provide the same L5-S1 joint

torque assistance as the form-fitting exosuit but with lower device-to-body forces on the

shoulders and legs, and (ii) that the extensible exosuit could remain sufficiently low-

profile when it was disengaged such that it did not interfere with common movements

and postures like walking and sitting.

5.3 Modeling

Previous biomechanical models of wearable back-assist devices [3, 135, 74, 82] explain

the underlying physics of how these devices offload the lumbar muscles and spine. We

sought to build upon this prior work by characterizing how to adjust specific exosuit

design parameters to affect device-to-body forces and the exosuit moment arm about

the spine. The rationale for this modeling is readily apparent in Figure 5.2 where we

note that there are number of inter-related design choices such as where to anchor to

each body segment, where to place the base of the extension mechanism along the back,

and how to select the extension length of the mechanism. The effects of and the interplay

between these parameters on device-to-body forces was unknown, but important for us

to understand in order to inform the design and fabrication of a prototype. We therefore

developed a model of the human and exosuit that estimates the device-to-body forces

(Figure 5.2,
# »

FT,
#  »

FM,
# »

FL) needed to create a desired torque about the L5-S1 joint (Figure 5.2,

p0). The model is a static, sagittal plane model of the exosuit and human system. We use

a static model for simplicity since the goal was general design insight, and since exosuit

mass is low and inertial effects are negligible. The model only considers the sagittal

plane because the majority of the biological lumbar moment and exosuit assistive torque
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(τexo) are observed in the sagittal plane [82], and these dynamics typically dominate

even in the presence of twisting or other non-sagittal trunk motions [55]. The model

primarily considers the exosuit assistance torque created about the L5-S1 joint because

it commonly experiences the highest flexion torques along the spine [20]. The model

considers the exosuit and human mechanics when the exosuit is engaged (i.e. extension

mechanism is lengthened and elastic bands are under tension) and the user is leaning

forward (as in Figure 5.2). We focus on the device-to-body forces at the trunk (
# »

FT),

legs (
# »

FL) and waist (via the extension mechanism,
#  »

FM) because we have noted from

experience that these tend to be areas that are more sensitive to external loads. Whereas

we were not concerned about the device-to-body force on the buttocks because this area

can comfortably sustain external forces on the order of a body weight (e.g. during

sitting), and the device-to-body forces from our exosuits are far below this magnitude.

The human body is modeled as a series of linked rigid-body segments. In this modeling

section, we also assume negligible friction and thus that the magnitude of tension is

constant throughout the elastic element (i.e. the tension magnitude at the trunk, ‖ # »

FT‖, is

equal to the tension magnitude at the leg, ‖ # »

FL‖). We supplement this model by adding

a routing point (Figure 5.2, p2), which redirects the path of the elastic band (Figure 5.2,

green curve) and introduces a device-to-body force (
#  »

FM). This routing point (which is

modeled as a friction-less pulley) is the main element which alters the exosuit moment

arm about the spine.

We identified design parameter candidates to manipulate, which included: routing

point location along the spine, routing point offset from the skin surface, number of

routing points, elastic band attachment point on the trunk interface and the elastic band

attachment point on the leg interface. We narrowed the options (based on initial mod-

eling findings, physical intuition and expected end-user applications and constraints)

to three key parameters: the routing point position along the back (Figure 5.2, x2), the

routing point offset normal to the back (Figure 5.2, y2), and the position of the elastic
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anchoring point on the trunk interface (Figure 5.2, x1).

Figure 5.2: Static model of the exosuit-human system. The exosuit is comprised of a leg
interface, a trunk interface, an elastic band (green curve) and an extension mechanism.
The leg interface and trunk interface attach to the leg and trunk respectively, and are
coupled by an elastic band. The exosuit creates an assistive torque by applying forces
at the trunk (

# »

FT) and waist (
#  »

FM) and legs (
# »

FL,). p0 is the location of the L5-S1 joint
and coordinate system origin. p1 is the point at which the elastic band attaches to the
trunk interface (and applies

# »

FT). p2 is the routing point for the elastic band on the
extension mechanism (and where

#  »

FM is applied). Note that when p2 sits flush with the
trunk/waist, there is no extension mechanism and the device behaves like the previous
form-fitting exosuit detailed in [82]. p3 is the point at which the elastic band first makes
contact with the posterior waist (simplified as a tangency point with a circle of radius
rbutt). p4 is the hip center of rotation, p5 is the top most point on the shoulder, and p6 is
the anchoring point on the leg
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5.3.1 Model Development

The torque created about the L5-S1 joint (τexo, in the z-axis coming out of the page)

by the exosuit is:

τexo = τT + τM (5.1)

Where τT is the torque created by the device-to-body trunk force vector (
# »

FT), and

τM is the torque contribution from the device-to-body force vector from the extension

mechanism (
#  »

FM):

τT = #  »r10 ×
# »

FT = ( #  »r10 × #   »u21) · ‖
# »

FT‖ (5.2)

τM = #  »r20 ×
#  »

FM = ( #  »r20 × ( #   »u32 +
#   »u12)) · ‖

# »

FT‖ (5.3)

In equation Equation (5.2), #  »r10 is the position vector from p0 to p1, and #   »u21 is the

unit vector from p1 to p2, and ‖ # »

FT‖ is the tension magnitude in the elastic band. In

Equation (5.3), #  »r20 is the position vector from p0 to p2, and #   »u32 is the unit vector from

p2 to p3, and #   »u12 is the unit vector from p2 to p1. The device-to-body forces (
# »

FT and
#  »

FM)

only create torque about the L5-S1 joint if their line-of-action intersects the trunk body

segment (e.g. at a point > p0x). The trunk interface anchoring point p1 (and therefore
# »

FT) in this model is constrained to sit on the trunk above the L5-S1 joint and create an

extension torque about p0 because
# »

FT is applied by an elastic band that can generate

tension but not compression force. An extension mechanism supports the routing point

(represented by p2), and this mechanism is allowed to sit anywhere along the posterior

side of the waist or trunk. This model assumes that the extension mechanism will only

bear compression loads (i.e. no bending moments). Physically, this means that the

extension mechanism is assumed to be co-linear with
#  »

FM and will be anchored at the
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location on the back where
#  »

FM intersects the back. Note that
#  »

FM only creates a flexion

(clockwise) torque about p0 when
#  »

FM intersects the trunk above p0, but otherwise
#  »

FM

does not create torque about p0.

After minor algebraic manipulations of Equations (5.1) to (5.3) we can calculate the

exosuit moment arm (rT) about the L5-S1 joint with Equation (5.4):

rT =
τexo

‖ # »

FT‖
= ( #  »r10 × #   »u21 +

#  »r20 × ( #   »u32 +
#   »u12))

−1 (5.4)

Where this moment arm moment arm (rT) represents the Euclidean (straight-line)

distance between the L5-S1 joint (p0) and the line of action of the elastic band from p1

to p2. Also, take note that (rT) is inversely proportional to ‖ # »

FT‖. This means that for a

fixed magnitude of τexo increasing (or maximizing) the moment arm rT is analytically

equivalent to decreasing (or minimizing) the device-to-body forces on the legs and trunk

(
# »

FT).

Equation (5.5) below is an expression for the magnitude of the device-to-body force

from the extension mechanism ‖ #  »

FM‖:

‖ #  »

FM‖ = ‖ #   »u32 +
#   »u12‖ · ‖

# »

FT‖ = kR · ‖
# »

FT‖ (5.5)

Where we note that kR is the ratio of force magnitude on the extension mechanism to

the trunk force magnitude in the elastic band.

5.3.2 Model Parameter Exploration

A parameter exploration was performed by systematically varying the exosuit design

parameters and characterizing the effects on the exosuit moment arm and device-to-body

forces. Using Equations (5.4) and (5.5) we performed a series of parameter sweeps:

varying the trunk anchoring point (x1), the extension mechanism position along the

back (x2) and the extension mechanism offset from the back (y2) across their respective
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domains as determined from anthropometric tables. Anthropometric data were used to

scale the model to a 50th percentile male stature (Table 5.1, [75, 58]).

Our primary goal was to understand parameter combinations that increase the exo-

suit moment arm (rT), which as noted above and shown analytically in Equation (5.4),

corresponds to decreasing device-to-body forces on the trunk and legs. Another way to

conceptualize the exosuit moment arm (rT) is that it is the ratio of exosuit torque (τexo)

per elastic band tension (‖ # »

FT‖); therefore increasing the moment arm means that the

exosuit can provide more torque for the same tension (or alternatively the same torque

for less tension). Our secondary goal was to understand parameter combinations that

minimize the extension mechanism force itself (‖ #  »

FM‖), since this is an additional device-

to-body force applied to the back or waist. Reducing ‖ #  »

FM‖ is achieved by reducing kR,

which is the ratio of the extension mechanism force magnitude per tension magnitude.

To inform our prototype design we were most interested in exosuit parameter combina-

tions that resulted in a relatively large rT but a relatively small kR. There is a trade-off

between these two variables, such that it is not possible to simultaneously maximize one

and minimize the other. Therefore, we performed a parameter exploration to quantita-

tively map out these trade-offs, and inform the exosuit design.

5.3.3 Key Model Findings

The maximum exosuit moment arm rT across the explored parameter space was 0.22

meters (m). For instance, this occurred when the extension mechanism was below the

L5-S1 joint (x2 = -0.13 m), the extension mechanism was offset from the back (y2 = 0.28

m), and the elastic bands were attached to the trunk interface at the top of the shoulders

(x1 = 0.41 m, Figure 5.3). The kR at this parameter combination was 1.4 (Figure 5.4). We

assumed a baseline rT of of 0.08 m based on previous estimates (i.e. the approximate

moment arm of the elastic band in our prior form-fitting exosuit [84]. Therefore, The

maximum observed increase in rT was 175% (0.08 to 0.22 m). Extended details about
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the exosuit parameters explored in this work can be found in appendix C.0.1. Below we

briefly summarize the key findings used to inform prototype design:

[H]The main effect of the extension mechanism position (x2) was to change the

location and orientation of the extension mechanism force vector along the back

(
#  »

FM). The x2 value which resulted in the largest moment arm (rT) was near or

slightly below the x-position of the L5-S1 joint (x0). The main effect of the ex-

tension mechanism offset (y2) was to change the moment arm (rT) and extension

mechanism force magnitude (kR) where increasing y2 would increase both rT and

kR. However, increasing y2 beyond about 0.3 m had only minor effects on increas-

ing the exosuit moment arm, which plateaued around 0.22 m (Figure C.3). The

main effect of increasing the trunk interface anchoring point (x1) was to reduce

the extension mechanism force magnitude (‖ #  »

FM‖); however, this effect (benefit) of

increasing x1 plateaued around x1 = 0.2 m.
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Measurement Value

rbutt 0.1 m

x4 -0.135 m

x5 0.4 m

dskin 0.08 m

Parameter Minimum Maximum

trunk interface anchoring point (x1) L5-S1 (x0) shoulder (x5)

ext. mech. position (x2) buttocks (x4 - rbutt) shoulder (x5)

ext. mech. offset (y2) skin surface (dskin) dskin + 0.2 m

Table 5.1: Top: Anthropometric measurements used to scale the model to a 50th per-
centile male [75, 58]. Bottom: Domain of the parameters with respect to the L5-S1 joint
(coordinate system defined in Figure 5.2) used for the parameter exploration. The trunk
interface anchoring point (x1) was restricted to sit at or above the L5-S1 (x0) and at or
below the shoulder (d50). The extension mechanism position along the back (x2) was
restricted to sit at or above the apex of the buttocks (x4-rbutt) and at or below the shoul-
der (d50). The extension mechanism offset (y2) was restricted to sit at or above the skin
surface (dskin) and at or below 0.2 m offset from the skin surface (note: in a secondary
analysis we explored y2 out to 0.5 m offset from the skin surface and this extended
parameter sweep is presented in Figure C.3).
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Figure 5.3: Extensible exosuit moment arm (rT) contour plot. Plotted is the extensible
exosuit moment arm calculated with Equation (5.4). As a reminder, in this model higher
values of rT signify lower device-to-body forces on the shoulders and legs. This contour
plot covers the parameter space of the extension mechanism location (x2) and offset (y2)
specified in Table 5.1, with a constant trunk interface anchoring point (x1 = 0.2 m). The
target parameter combination selected for the proof-of-concept design in Section 5.4.1 is
plotted as a black dot (x2 = 0.0 m, y2 = 0.18 m). The dashed line represents extension
mechanism parameter combinations (i.e. x2 and y2) with the smallest extension mecha-
nism footprint (i.e. minimum y2) for a given rT (i.e. contour line). Additional parameter
exploration results which include the full range of x1 can be found in appendix C.0.1
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Figure 5.4: kR contour plot. Plotted is the extension mechanism force scaling constant
(kR) calculated with Equation (5.5). As a reminder, in this model lower values of kR sig-
nify lower device-to-body forces from the extension mechanism onto the back or waist.
This contour plot covers the parameter space of the extension mechanism location (x2)
and offset (y2) specified in Table 5.1, and a constant trunk interface anchoring point
(x1 = 0.2 m). The parameter combination selected for the proof-of-concept design in
Section 5.4.1 is plotted as a black dot (x2 = 0.0 m, y2 = 0.18 m). Additional parameter
exploration results which include the full range of x1 can be found in appendix C.0.1

5.4 Design

5.4.1 Design Criteria

For the proof-of-concept prototype we aimed to design an extensible exosuit that

would reduce ‖ # »

FT‖ by about 50% and minimize the exosuit footprint (i.e. minimum

extension mechanism offset y2) for the average male user (e.g. 50th percentile). Using the

model results, we followed the process detailed in appendix C.0.2 to choose appropriate

exosuit design parameters (i.e. target design criteria) for the extensible exosuit proof-of-

concept prototype as follows:

[H]The distance from the extension mechanism (and L5-S1) to the trunk interface
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anchoring point should be about 0.2 m (x1 = 0.2 m). The mechanism should sit

approximately over the L5-S1 joint (x2 = 0.0 m). When engaged, the extension

mechanism should be offset from the L5-S1 joint by about 0.18 m (y2 = 0.18 m).

5.4.2 Softgoods Design

The extensible exosuit softgoods (i.e. textiles) consist of a trunk interface, two leg

interfaces, and two elastic bands (Figure 5.5). The trunk interface includes breathable

shoulder straps and a waist belt which are sewn together along the back. The shoulder

straps (similar to backpack shoulder straps) transmit the trunk interface force to the

users’ shoulders. The waist belt serves as a mounting point for the extension mechanism,

and transmits a force at the users’ waist. The leg interfaces are conical fabric sleeves that

transmit force to the user’s legs. The leg is shaped approximately like a conical frustum,

which prevents the leg interfaces from migrating up the leg when upward forces are

applied by the elastic bands. The elastic bands attach to the trunk interface about 0.2 m

above the extension mechanism, according to the target parameters selected (Figure 5.5,

x1). The elastic bands consist of fabric elastic (adapted from fabric resistance bands)

sewn in series with non-stretch polyester webbing (Figure 5.5, c). The elastic bands are

routed through the extension mechanism (Figure 5.5, e).

5.4.3 Extension Mechanism Design

The purpose of the extension mechanism is to move the elastic bands between two

stable positions. In one position the mechanism and elastic bands should sit close to the

body and the exosuit should be transparent to the user (i.e. not restrict or interfere with

movement or posture). In the other position, the mechanism and elastic bands should

be extended from the back (according to the exosuit parameters in Section 5.4.1), and

the elastic bands should stretch and apply torque about the L5-S1 joint as the user bends
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or lifts. Numerous extension mechanism designs were considered (e.g. four-bar mecha-

nism, hinge [159]). The benefits/drawbacks of each ultimately depend on the intended

end-user and use case (making this more of a later-stage product development choice).

The goal of this work was simply to demonstrate one embodiment of the concept, so

we prioritized simplicity in form and function, and opted for a dual-flap, hinge-lever

design, which we detail here. The extension mechanism is made of two 3D printed flaps

(Figure 5.5). Each flap attaches to the waist belt at about the L5-S1 level (target: x2 =

0.0 m). The flaps are 15 cm apart, centered over the mid-line of the spine (Figure 5.5,

w1). Two elastic bands (one on the left and and one on the right) are routed through

each respective flap (Figure 5.5, e). The flaps are anchored to the waist belt with fabric

hinges, which allow the flaps to rotate about an axis parallel to the spine. The flaps are

designed to have a disengaged and an engaged mode. In disengaged mode, the exten-

sion mechanism flaps rest on the sides of the user’s waist (Figure 5.5, left). In engaged

mode, the flaps are rotated to the posterior (bringing the elastic bands with them) until

the flaps connect (held together via hook and loop), forming an offset from the L5-S1

(target: y2 = 0.18 m, (Figure 5.5, right). The elastic bands then stretch during movements

such as bending and lifting to assist the low back and hip extensor muscles. Moving

the flaps from disengaged to engaged mode creates the desired moment arm extension

effect. Moving the flaps back into the disengaged mode causes the elastic bands to run

along the side of the waist (i.e. along the neutral axis of body in the sagittal plane) and

thus to experience negligible displacement during movements (e.g. lifting, walking, stair

ascent/descent) and postures (e.g. standing, sitting, crouching). We note that this new

dual-mode flap design that utilizes the neutral axis of the body [157] differs from the

clutch mechanisms used in our previous form-fitting exosuit [84], but they each accom-

plish the same goal of achieving one mode in which the device stays out of the way

(disengaged state) and one that assists the user (engaged state). A physical prototype of

this design was fabricated and is shown in Figure 5.6). In total this extensible exosuit
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prototype weighs 1.5 kg (Figure 5.6).

Figure 5.5: Extensible exosuit prototype schematic. This extensible exosuit design con-
sists of a trunk interface (a), two leg interfaces (b), two elastic bands (c), a waist belt (d),
and the extension mechanism flaps (e). The trunk interface is coupled with the leg inter-
faces via the elastic bands, which each consist of an elastic (green) and inelastic (black)
segment in series. The elastic bands were routed through the flaps. Exosuit disengaged:
the mechanism flaps (and the elastic bands) are folded to the user’s sides so that the
elastic bands do not stretch or apply device-to-body forces during movement. Exosuit
engaged: the mechanism flaps are folded to the users’ back (creating the offset y2) so
that the elastic bands stretch and apply torque about the back and hips during tasks like
lifting, bending, and stooping. The flaps rotate about hinges (dashed lines) which were
spaced apart by 0.15 m (w1). The trunk interface anchoring points were spaced apart by
0.15 m as well (w2)
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Figure 5.6: Photos of the extensible exosuit prototype in disengaged mode (two photos
on the left), and in engaged mode (two photos on the right). Refer to the schematic in
Figure 5.5 for call-outs to each component

5.5 Case Study Demonstration

A single-subject case study was performed to demonstrate and confirm the mechan-

ical function of the extensible exosuit prototype. The first test (Section 5.5.1) sought to

confirm that the extensible exosuit in engaged mode (i.e., extended mechanism) could

provide the same torque assistance but with reduced device-to-body forces (‖ # »

FT‖ on the

shoulders and legs) compared to the form-fitting exosuit during a manual lifting task.

The second test (Section 5.5.2) sought to to confirm that the user could perform com-

mon movements and postures (e.g. walking, carrying, leaning, twisting, sitting) without

feeling restricted while wearing the extensible exosuit in disengaged mode. The subject

provided written consent prior to testing according to the approved Vanderbilt Univer-

sity Institutional Review Board protocol.
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5.5.1 Exosuit Assistance Demonstration

A single subject (female, 64 kg, 1.74 m, 26 yr.) performed a lifting and lowering

task while wearing the extensible exosuit vs. the form-fitting exosuit. User and exosuit

kinematics and elastic band tension data were collected. The subject performed 8 lifting

and 8 lowering movements with a 13 kg box, paced at 15 lifting/lowering movements per

minute. The subject performed the task with the extensible exosuit and with the form-

fitting exosuit. The elastic band stiffness was adjusted between both exosuit conditions

(i.e. different elastic bands were installed on the extensible vs. form fitting exosuit)

to ensure that the same peak exosuit torque assistance (τexo) was provided for both

conditions.

Motion capture markers were placed on the following segments to measure their

kinematics: the subject’s trunk, the subject’s pelvis, the trunk interface, the extension

mechanism, the elastic bands, and the leg interfaces. One of the elastic bands was in-

strumented with a load cell to measure the trunk force. The trunk force in the non-

instrumented elastic band was matched to the instrumented elastic band by matching

the slack length of the two elastic bands and confirming with the subject that the tension

of the two elastic bands felt equivalent during the movement. Motion capture (Vicon)

and load cell (Futek) data were collected synchronously at 200 Hz and 1000 Hz, respec-

tively. Motion and load cell data were low-pass filtered at 6 Hz and 10 Hz, respectively,

with a 4th order, dual-pass Butterworth filter [161]. τexo was calculated using motion

capture and load cell data collected during the lifting and lowering trials. Motion cap-

ture markers placed on the elastic bands and extension mechanism provided orientation

data, and the load cell provided the magnitude of force along the elastic band, which

enabled us to calculate force vectors (
# »

FT) and (
#  »

FM). Motion capture markers on the

pelvis’ anatomical landmarks were used to estimate the location of the L5-S1 joint [109].

Time series τexo was calculated for all trials and cycles using Equations (5.1) to (5.3).

Kinematic and kinetic analysis were performed using the Visual3D software package

92



(C-Motion). Time series kinematic and kinetic data were divided into individual cy-

cles, time-normalized to 1000 data points and then averaged across cycles. Peak τexo,
# »

FT

and
#  »

FM were calculated for individual cycles, and then averaged. The two key outcome

metrics were: τexo (to confirm assistance magnitudes were similar for each exosuit con-

dition), and
# »

FT (to confirm that the extensible exosuit reduced device-to-body forces vs.

the form-fitting exosuit). We also used the experimental motion capture data to measure

the actual design parameters (x1, x2 and y2) that resulted when the prototype was worn

by this specific case study participant.

5.5.2 Exosuit Non-Interference Demonstration

Next the subject performed a series of common movement tasks while wearing the

extensible exosuit in disengaged mode. The subject performed the following tasks: level

treadmill walking, walking while carrying a 13 kg box, stair ascent/descent, sitting, sit-

to-stand, twisting at the torso in the coronal plate, leaning left and right in the frontal

plane, leaning forward and backward in the sagittal plane. Immediately after completing

each movement the subject filled out a questionnaire (see Table C.1 in the Appendix) in

which they rated how much they felt that the extensible exosuit interfered with the task

on a five point Likert scale.

5.5.3 Case Study Results

The extensible exosuit parameters during the lifting and lowering trials (measured

using the motion capture data), were 0.15 m for the trunk interface anchoring point

(x1), -0.025 m for the extension mechanism location on the back (x2), and 0.19 m for the

extension mechanism offset (y2). These parameters differed slightly from our target de-

sign criteria (see Section 5.4.1 above), which was not unexpected since these parameters

depend on each person’s body dimensions and precisely how the prototype fits onto
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their body. Nonetheless the parameters were deemed adequate to achieve our proof-of-

concept demonstration goals. When disengaged, the extension mechanism protruded <

2 cm away from the body Figure 5.6.

The peak exosuit torques while wearing the extensible and form-fitting exosuits were

similar, 17.2 ± 0.5 Nm and 16.7 ± 0.6 Nm, respectively (Figure 5.7, a). The peak trunk

force magnitude for the extensible and form-fitting exosuit were 159 ± 6 N and 249

± 7 N, respectively (a 36% reduction when wearing the extensible exosuit prototype,

Figure 5.7, b). This reduction was similar to the model predictions when we plugged

the measured design parameters (x1, x2 and y2) back into the model. Also of note,

this subject reported that they felt the extensible exosuit was more comfortable than the

form-fitting exosuit, consistent with the observed reduction in force. For reference, the

peak extension mechanism force on the extensible moment arm was 157 ± 7 N. While

in disengaged mode, the subject reported that she was able to complete all movement

tasks without interference from the extensible exosuit (survey responses are provided in

Table C.1).
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Figure 5.7: Mechanics of extensible vs. form-fitting exosuit from case study. The
extensible exosuit (green curves) provided similar assistance torque (a) as the form-
fitting exosuit (gray curves), but with lower device-to-body force on the shoulders and
legs (b, reduced peak force magnitude by 36%). The slopes of the curves in c show the
relationship between the trunk force magnitude (‖ # »

FT‖, x-axis) and the assistive torque
(τexo, y-axis). This slope is analytically equivalent to the exosuit moment arm rT. The
moment arm rT for the extensible exosuit (based on a linear least squares fit of each
curve) is 0.109

Nm
N , which is 63% greater than the slope for the form-fitting exosuit (0.067

Nm
N ). Curves in (a) and (b) depict the mean (solid lines) ± standard deviation (shaded

area around mean) across the lifting cycles

5.6 Discussion

5.6.1 Summary

In this work we developed a human-exosuit biomechanical model which was used

to understand how various design parameters affected exosuit assistance torque and

device-to-body forces. We used these model findings to inform the design and fabrica-

tion of an extensible exosuit prototype. We then demonstrated in a human subject case
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study that the extensible exosuit could provide the same low back assistance torque as

a form-fitting exosuit, but with reduced device-to-body forces on the shoulders and legs

(reduced by 36% in the case study, but the model provides insight on how to adjust

design parameters to increase or decrease this magnitude as desired). User feedback

confirmed that the extensible exosuit successfully provided assistance during lifting, re-

duced device-to-body forces on the shoulders and legs, improved perceived comfort, and

allowed for full freedom of movement and posture (including sitting) when disengaged.

5.6.2 Applications of an Extensible Exosuit

The extensible exosuit offers a way to increase the moment arm of form-fitting exo-

suits (while in engaged mode), without sacrificing key benefits related to being lightweight,

low-profile and unobstructive (in disengaged mode). The extensible exosuit can reduce

device-to-body forces on the shoulders and legs, as shown analytically in the model

and confirmed empirically in the case study, which can be used to improve comfort for

some users or situations. Alternatively, the extensible exosuit can be used to increase

the magnitude of assistance without increasing these device-to-body forces (relative to

the form-fitting exosuit), which may be valuable for heavy-lifting jobs. Furthermore,

although this exosuit was designed to assist the low back, this extension mechanism

concept could be used to assist other joints or segments as well (e.g., ankle, knee, neck

or shoulder). An extension mechanism could be used in unpowered (e.g., spring) or

powered (e.g., motorized) exosuits to selectively increase the moment arm, or it could

be controlled in powered exosuits to actively assist movement (e.g., to inject energy by

using a motor to extend the mechanism as the user is lifting).

The dual-mode design detailed here may be well-suited for a variety of occupations

and work environments. One worth highlighting is last-mile delivery, which typically

involves extended periods of sitting (while driving) and intermittent lifting and carrying.

In these types of jobs the ability to shift or rotate rigid/semi-rigid components away
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from the posterior of the back while in disengaged mode may be beneficial (or critical)

to ensure comfort while sitting in delivery vehicles. This style of mode-switching is

unique amongst existing back-assist exoskeletons and exosuits, which typically have

rigid components along the back or waist that interfere with and may cause discomfort

during prolonged sitting. We highlight this application because we are not aware of

any commercial or research exoskeletons or exosuits that are particularly well-suited for

last-mile delivery, which is a fast-growing market segment. Also of note, this dual-mode

flap design can be used with or without an extensible moment arm (i.e. it could also be

implemented within a form-fitting exosuit, [157]).

5.6.3 Alternative and Future Designs

The goal of this prototype was to demonstrate proof-of-concept of an extensible ex-

osuit. However, there are numerous alternative designs and implementations of an ex-

tensible moment arm mechanism (i.e. alternative to the flap design used in this work),

such as a four-bar mechanism, an inflatable pneumatic pouch, or a simple hinged lever.

Additionally there may be alternative design objectives such as simultaneously increas-

ing the moment arm about multiple joints (e.g., about both the low back and the hip

joints), or creating a non-linear assistance torque profile (appendix C.0.3). These objec-

tives could be achieved by relocating and/or reorienting the extension mechanism, by

using multiple extension mechanisms, by changing the shape or trajectory of the exten-

sion mechanism, or by adjusting where the elastic bands are affixed along the length

of the extension mechanism. Therefore, in addition to increasing the exosuit’s moment

arm, an extension mechanism could also be designed to provide a custom torque profile

for a given application.

We opted to use the flap extension mechanism design for this proof-of-concept pro-

totype because the design and construction was simple, low-profile (flaps were <6 mm

thick), and because the flaps served the dual purpose of mode-switching and extend-
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ing/collapsing the exosuit extension mechanism. In the future, if we were to build a

prototype for the purposes of field testing, then we would update the design in the fol-

low ways. First, we would upgrade the mode-switching behavior to improve the user

experience. The current prototype was sufficient for proof-of-concept but it requires two

hands to manually move both flaps from engaged to disengaged position, and vice versa.

In future iterations this could be simplified by coupling the two flaps such that the user

only needs to perform a single movement (e.g. with one hand) to more quickly and

easily move the flaps between the engaged and disengaged modes. We have previously

built and demonstrated a variety of these mode-switching controls to easily engage and

disengage assistance [84]; some have used small motors (muscle activity control, voice

control, phone app) and others have been purely passive (manual button, switch, knob).

These are straightforward to implement and the choice is driven by the intended use

case of the exosuit. Second, we would improve the ease of adjustability of the elastic

band length in order to ensure exosuit could fit more people of varying body shapes

and sizes. In future designs this could be addressed by integrating a mechanism that

allows each user to adjust the slack length of the elastic bands in both engaged and

disengaged modes, which is important to ensure proper fit and function. This sizing ad-

justability aspect of the design is more closely related to product design (or a later stage

prototype), and therefore was not optimized for in this proof-of-concept demonstration.

We achieved our intended goal with this extensible exosuit prototype: we reduced

the device-to-body forces on the trunk and legs, while providing the same exosuit as-

sistance torque about the low back (Figure 5.7). However, the extension mechanism

in this prototype did not alter the moment arm with respect to the hip joint. Because

the exosuit moment arm about the hip remained the same and the force in the elastic

bands was reduced, the assistance torque (and work) about the hips was also reduced

with the extensible exosuit, relative to the form-fitting exosuit. Consistent with this

biomechanical effect at the hips, the subject reported that they felt like they were get-
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ting more assistance during the lift when wearing the form-fitting exosuit. This makes

sense: during a squat lifting movement, the lumbar spine undergoes relatively small an-

gular displacement, so the exosuit is primarily providing what we might term a support

torque (i.e., reducing force demands on the back extensor muscles which are contracting

near-isometrically). In contrast, the hip joints experience large angular displacements

during the lifting movement. As the elastic bands stretch and recoil, elastic potential

energy is stored and returned to the users as assistive work about the hip joints (i.e.,

offsetting mechanical work that would otherwise need to be done by the hip extensor

muscles). If we were to match tension in the elastic bands instead of matching torque

between the extensible and form-fitting exosuits, then we would expect to see the same

hip assistance torque (and work) between both exosuits during lifting, but greater L5-S1

support torque in the extensible exosuit. Or if our design goal had been to increase

the moment arms about both the L5-S1 and hip joints, then we could have used the

same modeling approach we outlined in Section 5.3 to identify the proper exosuit and

extension mechanism design parameters to achieve these goals (appendix C.0.3). This

highlights the benefit of using biomechanical modeling to identify design parameters

that achieve a specified assistance goal, and also provides a reminder that the prototype

demonstrated is simply an example, and that this concept of using an extensible mech-

anism to increase the moment arm can be adapted to assist one or more body joints or

segments.

5.6.4 Additional Model Insights

One insight from the model is that the theoretical upper limit of the moment arm

relative to the L5-S1 joint is equal to the distance between the trunk interface anchor-

ing point (x1) and the L5-S1 joint (i.e. the moment arm rT ≤ ‖p1 − p0‖). This makes

intuitive sense: if you imagine an infinitely long extension mechanism (y2 #»∞), then the

force vector on the trunk
# »

FT would be perpendicular to the trunk segment itself. This
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configuration is analytically equivalent to a rigid exoskeleton comprised of a rotational

spring and a rigid strut from L5-S1 to the trunk interface anchoring point. This is also a

useful reminder that despite the common distinction made between rigid exoskeletons

and soft exosuits they both operate on the same physical principles. They are springs

(or actuators) acting in parallel with the body, and from a physics perspective they rep-

resent different sets of parameters along a continuum of possibilities. In a sense, our

extensible exosuit concept is a design somewhere in the middle of this continuum, in

which we blend some of the benefits of exosuits (e.g. using flexible textiles to minimize

weight, movement interference, pressure points and associated discomfort) with some of

the benefits of rigid exoskeletons (e.g. they typically have larger moment arms by nature

of applying more perpendicular device-to-body forces farther away from the biological

joint center of rotation).

A second interesting model insight is that: when the extension mechanism is placed

on the low back, the force (
#  »

FM) it exerts on the body causes the moment arm to plateau

at around 0.22 m, which is considerably lower than the theoretical upper limit of 0.41 m.

This holds true even as the extension mechanism offset is increased (e.g. up to 0.58 m,

Figure C.3). This happens because
#  »

FM changes orientation as y2 increases, such that it

creates a flexion torque component (clockwise) about the L5-S1 which directly opposes

the extension torque component (counter-clockwise) of
# »

FT. This may be a limitation for

this particular proof-of-concept design implementation (i.e. mechanism sitting on the

low back); however, there are alternative ways to configure the extensible mechanism

(or mechanisms) that would create an even larger moment arm (see appendix C.0.3 for

examples of alternatives). However, in practice, this limitation may be moot, because if

the extension mechanism becomes too large, then it will be considered by the users as

too bulky and impractical to adopt.

A final insight is related to the physical design of the exosuit, and specifically the

placement of the elastic elements (materials) within the bands. While the model de-
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picts an elastic material running continuously between the trunk and leg interfaces

(Figure 5.1), fabricating the physical device often requires this band to be comprised of a

combination of elastic/stretch and inelastic/non-stretch materials in series (Figure 5.6).

This introduces practical design choices, such as deciding whether the elastic element

(within the band) should be located near the middle of the back vs. behind the buttocks

vs. behind the legs, etc. For this extensible exosuit prototype (Figure 5.6) and for our

previous exosuit designs [82] we chose to place the elastic elements over the buttocks

and the non-stretch webbing over the user’s back. From our own experience in testing

and designing these exosuits, we have found that this placement of the elastic elements

makes the exosuit subjectively feel more comfortable and assistive to us. To provide

insight on this topic we extended our biomechanical model to consider the effects of

friction between the exosuit and the user. The model (detailed in appendix C.0.4) sug-

gests that the benefit of placing the elastic element over the buttocks is that it minimizes

relative motion between the band and the buttocks. This in turn minimizes dissipative

energy losses due to friction. In contrast, placing an non-stretch material (e.g. non-

stretch webbing) over the buttocks results in frictional losses each time a person bends

or lifts. Interestingly, most people are already familiar with this physical phenomenon

from their own personal life experience: When you bend forward or squat down while

wearing non-stretch pants (e.g. denim jeans), your pants tend to slide down in the back

(potentially exposing your intergluteal cleft, i.e. your butt crack). Whereas this sliding

effect does not happen (or is greatly reduced) when wearing elastic or stretch pants (e.g.

spandex leggings) because the elastic fabric deforms with your buttocks as you bend.

Consistent with this shared human experience, the key takeaway from our model is that

placing the elastic element over the buttocks likely reduces friction force and dissipative

work, which may explain why this configuration subjectively feels more comfortable

and assistive than alternative configurations (e.g. placing the non-stretch element over

the buttocks and the elastic element in the middle of the back). Additional technical
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details and visual illustrations related to elastic band placement, buttocks friction and

dissipative work are provided in appendix C.0.4.

5.6.5 Scope of Work and Limitations

First, regarding the scope of work, we chose not to assess back muscle activity in

the case study. This is because over the last 15 years there have already been over

a dozen independent studies consistently showing that these types of exosuits reduce

back muscle loading and fatigue during lifting and bending tasks, and also that the

magnitude of back offloading scales with the magnitude of exosuit torque assistance

(see appendix C.0.5 for a table summarizing the evidence). To be specific: when in

engaged mode, the extensible exosuit presented here is functionally similar to previous

exosuits in the way that they provide assistance torque about the low-back. As such,

a case study would not meaningfully advance our understanding beyond the current

state of knowledge. The innovations here were the extensible/collapsible nature of the

moment arm, the novel mode-switching behavior, and the modeling work that better

informs the selection of design parameters.

Second, we employed a simple model of the human and exosuit system, which ne-

glects some 3D geometrical details, curvature of the spine, and soft-body mechanics.

Despite these assumptions, our model was adequate for its intended purpose: to pro-

vide general insight on design parameters which we could use to inform fabrication of

a prototype.

Third, we only tested the extensible exosuit on a single-subject. However, this was

sufficient for our purposes: to demonstrate proof-of-concept. Future work includes de-

velopment of a field testable prototype, and multi-user field test evaluation, in particular

to better understand user perceptions and preferences across a larger number of people.

For instance, while there may be some individuals who prefer the lower shoulder and

leg forces afforded by the extensible exosuit, we have anecdotal evidence that suggests
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others may find the form-fitting exosuit sufficiently comfortable such that they prefer

the higher shoulder forces over an additional force (albeit lower) on their lower back or

waist. Of note, we previously used this same research-development-translation progres-

sion (i.e., modeling and feasibility test, followed by field prototype and field testing, fol-

lowed by technology translation) to translate the form-fitting exosuit into a commercial

product (HeroWear Apex). We hope to follow a similar progression with this extensible

exosuit, and this manuscript represents the first stage of that progression.

Finally we note that the biomechanical estimates of L5-S1 torque may be susceptible

to errors in absolute magnitude, because the L5-S1 joint location was estimated using

external reference markers and regression equations derived from cadaveric pelvises

[109]. However, in this work we only look at differences between the extensible exosuit

vs. the form-fitting exosuit (i.e., relative differences), which use the same estimated L5-

S1 location, and therefore absolute errors in the magnitude of the torque assistance do

not affect the relative comparisons or any of our conclusions.

5.7 Conclusion

The dual-mode extensible exosuit introduced here provides a practical and effec-

tive way to enhance the moment arm of exosuits, while also retaining key benefits of

not interfering with movement and being low-profile while disengaged. A proof-of-

concept prototype was demonstrated, and the modeling work provides the foundation

for broad applications and various implementations of extensible exosuits to enhance

human health and safety, for the back and other body segments. We envision promising

opportunities to apply this extensible exosuit concept to assist heavy-lifting, to further

enhance user comfort, and to address the unique needs of last-mile delivery workers.
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Chapter 6

Future Work and Conclusions

6.1 Conclusion

This dissertation highlights my scientific and engineering contributions to the devel-

opment and understanding of quasi-passive wearable assistive devices. I developed a

novel textile-based exosuit and showed that it is an effective way to assist various de-

manding movements (e.g. lifting and leaning) by reducing back extensor muscle effort

(in terms of EMG magnitude) and rates of fatigue (in terms of EMG median frequency).

I also show through novel modeling, design, and experimental demonstration that this

type of exosuit can be enhanced with an extension mechanism to further improve user

comfort or assistance. Finally, I quantified the potential benefits of a commercially avail-

able adaptive prosthesis for lower-limb prosthesis users during sloped walking, and

elucidated key methodological considerations when performing biomechanical assess-

ment of this population. Together these contributions have advanced the engineering

development of quasi-passive wearable assistive devices and furthered our scientific un-

derstanding of how they affect end-users and how they can be improved to sustain

health and augment performance.

6.2 Future Work

In the following paragraph I highlight a number of research avenues related to my

work that I find particularly interesting and important for future work.

First, the approach I used in this work (i.e. textile-based, passive or quasi-passive

exosuits) can be extended to other joints (e.g. the ankle [151], knee, hip [67], shoulder,

etc.). In future designs, these exosuits could span multiple [15], or even most of the
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joints (e.g. the exosuit could be worn like a spandex base-layer that covers the upper

and lower body). Textile-based, low-power clutching (e.g. textile electrostatic clutching

[70]) and computing (e.g. via e-textiles), could then be used to engaged, disengaged

and tune elastic and damping elements [107] all along the body to augment movements

involving multiple joints. This single exosuit then would be able to assist during many

different functional and mobility tasks like walking and running (e.g. by engaging elastic

elements across the hip, and ankle), lifting (e.g. by engaging elastic elements across the

back, hip and knee), overhead manual work (e.g. by engaging elastic elements across the

shoulders), and stair descent (e.g. by engaging damping elements across the knee). This

type of exosuit would require biomechanical insights (to identify movements that can

be assisted with passive springs and dampers [36]), predictive biomechanical modeling

(to anticipate the users movement and engage the passive elements accordingly), and

softgoods expertise (to create a comfortable, form-fitting garment with woven fabrics,

elastics, and e-textiles).

Second, my motivation for using softgoods (e.g. fabric and elastic) was to create a

wearable assistive device that people would want to wear because it would look and feel

like clothing. Our understanding of how to design clothing-like exosuits which apply

assistance to the body has advanced in recent years ([10, 153, 118, 155]), however, many of

these exosuits are still research prototypes, and will require considerable product design

work in order become clothing-like. I believe the success of these exosuits (especially

in a commercial space) will hinge on a deep understanding of textiles, clothing and

ongoing partnerships with softgoods and clothing experts, because exosuits face many

barriers to adoption which are intimately related to softgoods design (e.g. comfort,

mobility, durability, breath-ability, don-doff ease, aesthetic appeal, etc.). It is also worth

noting that there are promising advancements in softgoods such as textile based sensors,

actuators, and computing which could be used to expand the capabilities of exosuits [27,

62, 14, 112, 30].
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Finally, the next crucial step after the development and validation a device is to de-

termine whether it can affect outcomes that are most directly relevant to the intended

end-users in the real world (e.g. nurses, package-handlers, last-miler delivery workers).

End-user outcomes might include: reducing perceived exhaustion (e.g. after a full work

shift), increasing productivity (e.g. for a logistics floor manager), alleviating pain or dis-

comfort, reducing injury or injury recurrence risk (i.e. primary or secondary prevention

[139]), or improving long-term musculoskeletal health. These outcomes are important

for assuring that in-lab measurements and estimates (e.g. changes in muscle activity,

reduced loading of the spine) translate to relevant user outcomes, and more generally

that the wearable assistive device is a valuable tool for improving the physical health of

society. Real-world, long-term research (e.g. longitudinal randomized experiments) of

wearable assistive devices has largely been limited to back braces (and conclusive evi-

dence shows they do not help prevent back pain [145]). Wearable assistive devices which

provide mechanical assistance are younger technologies and have not yet been tested on

the same scale as back belts, for example. The real-world testing that has been conducted

thus far on these wearable assistive devices is promising ([154, 60]), but the long-term

impact of these devices on relevant end-user outcomes remains to be explored.
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Appendix A

Chapter 3 Appendix

A.1 Subject-Specific Fatigue Results

This Appendix depicts MDF vs. time results for each individual subject. The decrease

in median frequency (MDF) over the duration of leaning is fit by linear regression lines.

The slope of the regression line (i.e., MDF slope) is commonly used as a measurement of

the rate of muscle fatigue [31]. Data are plotted for each muscle and each trial condition;

control trial A1 (black line, open black circles), intervention trial B (green line, shaded

green circles), control trial A2 (gray line, open gray circles).
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Figure A.1: Subject 1, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.

Figure A.2: Subject 2, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.
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Figure A.3: Subject 3, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.

Figure A.4: Subject 4, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.
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Figure A.5: Subject 5, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.

Figure A.6: Subject 6, individual muscle MDF vs. time. Figure layout is identical to
Figure 3.3 in the main text.
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Figure B.1: Prosthetic-side sagittal center of pressure (CoP) for each prosthesis user, as
well as the seven-subject average during incline walking, where 0% and 100% correspond
to the heel and toe respectively.

Figure B.2: Prosthetic-side sagittal ankle angle for each user, as well as the seven-subject
average during incline walking. Positive values indicate ankle dorsiflexion.
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Figure B.3: Prosthetic-side sagittal ankle moment for each user, as well as the seven-
subject average during incline walking. Negative values indicate ankle plantarflexion
moments.

Figure B.4: Prosthetic-side distal shank power for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate power generation.
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Figure B.5: Prosthetic-side sagittal knee angle for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate knee flexion.

Figure B.6: Prosthetic-side sagittal knee moment for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate knee extension
moments.
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Figure B.7: Prosthetic-side sagittal knee power for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate power generation.

Figure B.8: Prosthetic-side sagittal hip angle for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate hip flexion.
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Figure B.9: Prosthetic-side sagittal hip moment for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate hip flexion mo-
ments.

Figure B.10: Prosthetic-side sagittal hip power for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate power generation.
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Figure B.11: Intact-side sagittal center of pressure (CoP) for each prosthesis user, as well
as the seven-subject average during incline walking, where 0% and 100% correspond to
the heel and toe, respectively.

Figure B.12: Intact-side sagittal ankle angle for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate ankle dorsiflexion.
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Figure B.13: Intact-side sagittal ankle moment for each prosthesis user, as well as the
seven-subject average during incline walking. Negative values indicate ankle plantarflex-
ion moments.

Figure B.14: Intact-side distal shank power for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate power generation.
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Figure B.15: Intact-side sagittal knee angle for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate knee flexion.

Figure B.16: Intact-side sagittal knee moment for each prosthesis user, as well as the
seven-subject average during incline walking. Positive values indicate knee extension
moments.
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Figure B.17: Intact-side sagittal knee power for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate power generation.

Figure B.18: Intact-side sagittal hip angle for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate hip flexion.
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Figure B.19: Intact-side sagittal hip moment for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate hip flexion moments.

Figure B.20: Intact-side sagittal hip power for each prosthesis user, as well as the seven-
subject average during incline walking. Positive values indicate power generation.
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Table C.1: Subject survey responses after performing a series of common move-
ment tasks with the extensible exosuit in disengaged mode. Subject responses are
bold and underlined.

Sit in chair for ≥ 1 minute:

The exosuit interfered while sitting in the

chair

Strongly Agree Agree Neutral Disagree Strongly Disagree

Sit-to-stand transitions for ≥ 10 cycles:

The exosuit interfered while transitioning be-

tween sitting and standing

Strongly Agree Agree Neutral Disagree Strongly Disagree

Squatting for ≥ 10 cycles:

The exosuit interfered while squatting

Strongly Agree Agree Neutral Disagree Strongly Disagree

Lifting for ≥ 10 cycles:

The exosuit interfered while lifting

Strongly Agree Agree Neutral Disagree Strongly Disagree

Leaning forward & backward for ≥ 10 cycles:

The exosuit interfered while leaning forward

or backward

Strongly Agree Agree Neutral Disagree Strongly Disagree

Leaning left & right for ≥ 10 cycles:

The exosuit interfered while leaning to the left

or right

Strongly Agree Agree Neutral Disagree Strongly Disagree

Twisting left & right ≥ 10 cycles:

The exosuit interfered while twisting left or

right

Strongly Agree Agree Neutral Disagree Strongly Disagree

Level walking for ≥ 1 minute:

The exosuit interfered while walking

Strongly Agree Agree Neutral Disagree Strongly Disagree

Walking & carrying a box for ≥ 1 minute:

The exosuit interfered while walking and car-

rying a box

Strongly Agree Agree Neutral Disagree Strongly Disagree

Walking up & down stairs for ≥ 1 minute:

The exosuit interfered while walking up or

down stairs

Strongly Agree Agree Neutral Disagree Strongly Disagree
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C.0.1 Extended Results from Model Parameter Sweep Exploration

Figure C.1: Extensible exosuit moment arm (rT) calculated from Equation (5.4) across
the x2 and y2 parameter domain specified in Table 5.1. Each subplot includes a contour
plot for a different constant x1 value (a: x1 = 0.1 m, b: x1 = 0.2 m, c: x1 = 0.3 m, d: x1 =
0.4 m). All points along a contour line denote parameter combinations with a constant
rT in meters. As a reminder, in this model higher values of rT signify lower device-to-
body forces on the shoulders and legs. The x- and y-locations of the routing point p2 are
the axes of the plot (x2 along the x-axis and y2 along the y-axis). White regions in the
contour plots indicate invalid parameter combinations.
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Figure C.2: Extensible exosuit kR calculated from Equation (5.5) across the x2 and y2
parameter domain specified in Table 5.1. Each subplot includes a contour plot for a
different constant x1 value (a: x1 = 0.1 m, b: x1 = 0.2 m, c: x1 = 0.3 m, d: x1 = 0.4 m).
All points along a contour line denote parameter combinations with a constant kR. As a
reminder, in this model lower values of kR signify lower device-to-body forces from the
extension mechanism onto the back or waist. The x- and y-locations of the routing point
p2 are the axes of the plot (x2 along the x-axis and y2 along the y-axis). White regions in
the contour plots indicate invalid parameter combinations.
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Figure C.3: Extensible exosuit moment arm (rT) with y2 ranging from 0.1 m to 0.58 m
calculated from Equation (5.4) across the x2 parameter domain specified in Table 5.1 and
for a constant x1 = 0.4 m. We note here that although the mechanism offset (y2) continues
to increase, the moment arm plateaus around 0.22 m (large yellow area in the top left of
the plot). This suggests that for the specific proof-of-concept prototype explored here,
the maximum moment arm is about 0.22 m. See Section 5.6.4 for extended discussion
of this topic.

C.0.2 Model Parameter Selection

For our proof-of-concept prototype we initially aimed to design an extensible exosuit

that would reduce ‖ # »

FT‖ by about 50% and minimize the exosuit footprint (i.e. minimum

extension mechanism offset y2) for the average male user (e.g. 50th percentile). Reducing

‖ # »

FT‖ by 50% is analytically equivalent to doubling rT. We followed this process below

to establish target design parameters for the prototype:

• We first scaled the model to a 50th percentile male based on anthropometric data

(Table 5.1, bottom, [75, 58]).

• Next, using the scaled model, we defined our exosuit design parameter ranges (i.e.

minimum and maximum values, Table 5.1, top), generated 3D parameter grids
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(e.g. meshgrid function in MATLAB), and fed these grids into Equations (5.4)

and (5.5).

• Next we assumed a baseline rT (0.08 m) based on our previous work [84]. Therefore

our desired/target rT was 0.16 m.

• Next we chose a trunk interface anchoring point (x1 = 0.2 m) that worked best for

our design constraints.

• With rT and x1 defined we are constrained to a single contour line (e.g. Figure 5.3).

Along that contour line, we chose the point with the smallest y2 in order to min-

imize the footprint of the exosuit. We found these to be x2 = 0.0 m, y2 = 0.18 m

(Figure 5.3, black dot).

• The target parameters chosen were x2 = 0.0 m, y2 = 0.18 m, x1 = 0.2 m.

C.0.3 Examples of Alternative Extensible Exosuit Designs

In the main text we describe numerous ways to alter the design of the extensible

exosuit, for instance, by altering the location and number of extension mechanisms.

Ultimately, these choices are driven by the specified goal of the exosuit, based on its in-

tended end-user and use case. The breadth of design possibilities highlights the power

of this extension mechanism concept. To make these possibilities less abstract, we pro-

vide a few tangible examples. These may provide a better sense of the versatility of this

extensible exosuit concept, and elucidate how it can be applied to customize designs

that, for instance, create non-linear assistive torque profiles or simultaneously increase

the moment arm about multiple joints. For the models shown in Figures C.4 to C.6, the

magnitude of the extension mechanism offset (d) is the same, as are the model scaling

parameters (e.g. rbutt, trunk and leg anchoring points). The parameters that changed

between the models were the location and/or the number of extension mechanisms.
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Figure C.4: The proof-of-concept extensible exosuit with an extension mechanism on
the back/waist (i.e. the design detailed in the main text). This configuration has an
increased moment arm about the L5-S1 joint and a linear torque vs. angle profile,
with a greater torque about the L5-S1 than the hip. The L5-S1 and hip torque for the
extensible exosuit prototype explored in this work are shown here (note we use the same
model as discussed in Section 5.3, but expanded the model to estimate the change in
torque across a lifting movement). We note that the torque curves for both the L5-S1

and hip are largely linear, and that the torque at the hip is lower than the L5-S1 (because
the moment arm is increased at the L5-S1 but not the hip). We include this model as a
comparison for the alternative design approaches shown in Figures C.5 and C.6, which
use one or more extension mechanism on different locations along the backside.
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Figure C.5: One alternative extensible exosuit design with an extension mechanism on
the buttocks creates an increased moment arm and nonlinear torque profiles at both
the hip and L5-S1. The geometry of this exosuit changes as the user flexes forward (θ),
which changes the moment arm of the exosuit with respect to the L5-S1 and hip joints.
This also causes a nonlinear displacement of the elastic bands, with a greater torque
about the hip than the L5-S1 joint. The result is a nonlinear (softening spring) assistive
torque profile for both the hip and the L5-S1 joints.
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Figure C.6: A second alternative extensible exosuit design uses two extension mech-
anisms. This design includes two offsets, one near the low back and another near the
bottom of the buttocks. Compared to the extensible exosuit design tested in the main
text of this work, this alternative design increases moment arms relative to both the L5-
S1 and hip joints. Additionally, due to the altered geometry, the rate of elastic element
displacement is accelerated (relative to Figure C.4) and the hip torque becomes nonlin-
ear. The net effect is that the exosuit torque magnitudes about the hip and L5-S1 are
increased relative to Figure C.4.

C.0.4 Butt Friction and Dissipative Butt Work

In this section we expound upon model insights related to how the placement of the

elastic element within the band affects butt friction and dissipative butt work. For the

purposes of this summary section, the term band refers to the entire physical connection

between the trunk and leg interfaces. The band is comprised of both elastic (stretch) and

non-stretch (non-stretch) elements in series with each other.

We begin with a brief summary of how friction between the buttocks and band is

expected to affect exosuit dynamics: The buttocks (and other body segments such as the

lower back [73]) deform in a way that changes it’s surface length (i.e. arc length) during

movement (e.g. hip flexion). If the elastic element is positioned over the buttocks (as with

the extensible exosuit prototype, Figure 5.6), then the elastic element will experience the
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same (or similar) displacement as the buttocks surface, with minimal sliding relative to

the buttocks (Figure C.7). However, if instead, the non-stretch element is placed over the

buttocks, then this non-stretch material will need to slide relative to the buttocks during

movement Figures C.8 and C.9). As a result, placing the non-stretch element over the

buttocks introduces friction forces which changes the tension along the length of the

band, performs dissipative work and is a potential source of chafing over time. Energy

dissipated due to friction would otherwise have gone into assisting a user as they are

lifting, or returning from a crouched/stooped posture to a standing posture.

Next we provide a more technical summary of the model predictions, which elucidate

how tension in different portions of the band, butt friction and dissipative work are

related and expected to change during movement, for instance, during a squat lift:

First let us consider an exosuit design with an non-stretch element over the buttocks

and an elastic element positioned over the back. As the user squats down (i.e. hips

flexing), the non-stretch element and the buttocks slide relative to each other, causing

the band to experience a shearing friction force. This increases the band tension such

that ‖ # »

FL‖ > ‖
# »

FT‖ (Figure C.8). Next as the user stands back up (i.e. hips extending),

the non-stretch element experiences friction which reduces the band tension such that

‖ # »

FL‖ < ‖
# »

FT‖ (Figure C.8).

Using a simple model based on the Euler-Eytelwein formula ([44]) for capstan fric-

tion, we estimate the expected relationship between the force magnitudes at the trunk

and the leg: in the Equation (C.1) below, rbutt is the radius of the buttocks (considered

here as the distance from the hip joint center to the buttocks skin surface), µbutt is the

kinetic coefficient of friction between the band and the buttocks (here assumed to be

the kinetic coefficient of friction between the exosuit and a clothed user, i.e. fabric-on-

fabric), kelastic is the spring constant of the elastic element, and θ is the angle of the leg

with respect to the trunk as shown in Figure C.7.
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‖ # »

FL‖ = ‖
# »

FT‖ eθµbuttsgn(θ̇) = rbuttkelasticθeθµbuttsgn(θ̇) (C.1)

In Equation (C.1) ‖ # »

FL‖ > ‖
# »

FT‖ when the hip is flexing (i.e. θ̇ > 0), and conversely

‖ # »

FL‖ < ‖
# »

FT‖ when the hip is extending (i.e. θ̇ < 0) for the case shown in Figure C.8.

Functionally this means that when the non-stretch element is positioned over the but-

tocks (as shown in Figure C.8), a higher exosuit torque is created about the hip when

it is flexing (bending down), but a lower exosuit torque is created about the hip when

extending (standing up), and the L5-S1 exosuit torque remains unchanged relative to the

configuration in (Figure C.7) where the elastic element is over the buttocks.

Second, consider an exosuit design where the non-stretch element is still positioned

over the buttocks but the elastic element is over the leg (as shown in Figure C.9). For

this configuration, Equation (C.1) is adjusted by swapping ‖ # »

FL‖ and ‖ # »

FT‖. In this new

configuration (as shown in Figure C.9), a higher exosuit torque is created about the L5-

S1 joint when the hips are flexing (bending down), because ‖ # »

FT‖ > ‖
# »

FL‖. But a lower

exosuit torque is created about the L5-S1 joint when the hips are extending (standing up),

because ‖ # »

FT‖ < ‖
# »

FL‖. Meanwhile the exosuit hip torque remains unchanged relative to

the configuration in Figure C.7 where the elastic element is over the buttocks.

Third, consider an exosuit design where the elastic element is positioned over the

buttocks, and the non-stretch elements are only located below the trunk interface and

above the leg interface (Figure C.7). Since the elastic element deforms and stretches with

the buttocks throughout the bending and lifting cycle the frictional effects are negligible

in the model, and therefore the exosuit torque generated about the L5-S1 and hip joints

during bending and lifting follow similar profiles.

In the configurations in which the non-stretch element is positioned over the but-

tocks, the butt friction forces are expected to dissipate energy as the user moves (due

to the relative motion between the band and buttocks). This dissipated energy, or butt

friction work (Wbutt f riction) can be estimated by the model (Equation (C.2)) over a full
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flexion/extension movement cycle (θinitial −→ θ f inal −→ θinitial):

Wbutt f riction = −r2
buttkelastic

(∫ θ f inal

θinitial

θ(eθµbutt − 1)dθ +
∫ θinitial

θ f inal

θ(e−θµbutt − 1)dθ

)
(C.2)

From Equation (C.2) we can see that for a given cycle (θinitial −→ θ f inal −→ θinitial) the

magnitude of dissipative butt friction work increases exponentially with θ (the angle of

the leg relative to the trunk). This means the dissipative work due to butt friction is

expected to increase significantly as a person bends or crouches more deeply. Another

insight from this equation is that dissipative butt friction work is proportional to butt

radius squared (i.e. r2
butt). This suggests an interesting potential trade-off when using

an exosuit with an non-stretch element over the buttocks: On one hand, a larger butt

radius provides a benefit because it increases the moment arm by which the tension in

the exosuit band can provide torque assistance about the hips and back. On the other

hand, the biomechanical drawback to a larger butt radius is that it introduces more

dissipative energy losses due to friction, per Equation (C.2). The solution suggested by

this model is simply to place the elastic element over the buttocks (instead of the non-

stretch element), which enables the exosuit to retain it’s moment arm benefit due to butt

radius, but without incurring the proportional increase in dissipative butt friction work.

This modeling is presented to provide general insight and physics-based expecta-

tions that help inform exosuit design. There are various model limitations, similar to

those discussed in the main text. Although the model takeaways seem to make sense

and match our intuition and prior experiences, these takeaways should be treated as

predictions/expectations, which still require empirical confirmation in the future.
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Figure C.7: Exosuit with elastic element over the buttocks (green) and non-stretch ele-
ments (gray) spanning the back and leg. The elastic element is expected to deform with
the buttocks’ change in arc length during squatting or bending, such that there is mini-
mal relative movement between the band and buttocks. As a result, the model suggests
that the tension magnitude at the leg (‖ # »

FL‖) and the trunk (‖ # »

FT‖) will be approximately
equal. The plot on the right is a qualitative representation to provide intuition on the
expected dynamics of the exosuit. In this exosuit configuration energy losses due to butt
friction are expected to be minimal.
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Figure C.8: Exosuit with non-stretch element (gray) over the buttocks, and elastic
element (green) above it. The model suggests that ‖ # »

FL‖ will be increased during hip
flexion (θinitial −→ θ f inal), but decreased during hip extension (θ f inal −→ θinitial), relative to
‖ # »

FT‖ due to the presence of the frictional force at the butt (‖ # »

FT‖). This difference in
tension forces is illustrated by the plot of the light gray curve in the plot on the right.
This plot is a qualitative representation to provide intuition on the expected dynamics of
the exosuit. In this exosuit configuration energy losses due to butt friction are expected
to be non-negligible.
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Figure C.9: Exosuit with non-stretch element (gray) over the buttocks, and elastic ele-
ment (green) below it. The model suggests that ‖ # »

FT‖ will be increased during bending
(θinitial −→ θ f inal), but decreased during lifting (θ f inal −→ θinitial), relative to ‖ # »

FL‖ due to
the presence of the frictional force at the butt ‖ # »

FT‖. This difference in tension forces
is illustrated by the plot of the dark gray curve in the plot on the right. This plot is
a qualitative representation to provide intuition on the expected dynamics of the exo-
suit. In this exosuit configuration energy losses due to butt friction are expected to be
non-negligible.
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C.0.5 Table of Evidence for Low-Back Exosuits

Year Source Peer Reviewed Findings
2005 Abdoli-Eramaki et al.

(Clinical Biomechan-
ics)

Yes Exosuit reduced integrated EMG of lumbar and thoracic erector
spinae by 14 to 28% respectively during stoop, squat and free lift-
ing techniques (5, 15 and 25 kg). N=9 (all male)

2007 Abdoli-Eramaki et al.
(J Biomechanics)

Yes Exosuit provided 23-36 Nm of torque and reduced spine compres-
sion and shear forces by an estimated 23-29% and 8-9% respec-
tively during lifting tasks. Mathematical proof (using simplified
free body diagrams and two-dimensional moment balance equa-
tions) explains how and why this type of passive exosuit reduces
loading on back extensor muscles and spine. N=9 (all male)

2008 Graham MS Thesis
(Queen’s University)

No Subjects reported feeling positive assistance from exosuit in auto-
motive assembly task, 8/10 would wear device every day.

2009 Lotz et al. (J Elec-
tromyography & Kine-
siology)

Yes Exosuit reduced rate of back muscle and cardiovascular fatigue
(EMG RMS, median frequency, perceived exertion ratings, en-
durance time) during cyclic lifting. N=10 (all male)

2009 Abdoli-Eramaki (US
Patent, 7,553,266B2)

No Exosuit reduced hamstring and low back muscle activity.

2009 Frost et al. (J Elec-
tromyography & Kine-
siology)

Yes Increasing stiffness in exosuit elastic bands resulted in greater as-
sistive magnitude, and greater reductions in erector spinae activity
(up to 38%). The relationship between elastic band stiffness and
EMG reduction appeared to be linear and comparable between
different lifting styles (stoop, squat, freestyle). N=13 (all male)

2009 Godwin et al (IJIE) Yes Exosuit significantly reduced fatigue for all subjects during 45-min
lifting session. N=12 (all female)

2011 Fick MS Thesis
(Queen’s University)

No Overwhelmingly positive feedback on perceived assistance from
exosuit during field tests.

2011 Sadler et al. (Er-
gonomics)

Yes Exosuit significantly reduced lumbar & thoracic flexion and signif-
icantly increase hip and ankle flexion (for both males & females).
Results suggests exosuit encouraged safe lifting practices without
adversely affecting lifting technique (N=30).

2014 Whitfield et al. (IJIE) Yes Exosuit reduced thoracic erector spinae and biceps femoris muscle
activity by 8 and 14 % respectively during box lifting. Exosuit had
no significant effect on metabolic rate. N=15 (all males).

2018 Zelik, Yandell,
Howser and Lamers
(PCT Patent App,
WO2018136722A1)

No Form-fitting exosuit reduced low back muscle activity during lean-
ing and lifting.

2018 Lamers, Yang & Zelik
(IEEE TBME)

Yes Exosuit reduced average erector spinae activity 23-43% during
leaning, and 14-16% during lifting. Peak EMG reduced by 19-23%
during lifting (N=8). Physics model (using a simple moment bal-
ance) indicated that offloading the low back muscles with this type
of exosuit is also expected to reduce intervertebral disc compres-
sion forces. Model indicates the reduction in loading of back mus-
cles and discs is expected to increase with both increasing elastic
band force and increasing moment arm. N=8, (7 male, 1 female)

2019 Galiana et al.
(PCT Patent App
WO2019161232A1)

No Exosuit reductions in EMG: 20-40% for biceps femoris, 20-30% for
gluteus maximus, 15-30% for lumbar erector spinae, 40-60% for
thoracic erector spinae during leaning (N=1).

2019 Swissport & Auxivo
(IATA Presentation
Slides)

No Exosuit reduced erector spinae by 15%, multifidus by 30%, gluteus
maximus by 50%, and biceps femoris by 10% (N=unknown).

2020 Yandell et al. (WeRob
Conference Abstract)

No Exosuit reduced average and peak back muscle activity in this field
test by ∼10% during lifting/lowering tasks. Two thirds of work-
ers exhibited reductions 15%. 90% of workers reported feeling
assisted and that the exosuit made lifting easier.

2020 Lamers et al. (Nature
Scientific Reports)

Yes Five of 6 subjects show reductions in back muscle fatigue rate (26-
87 % for individual muscles) during sustained leaning. Average
reduction in back muscle fatigue was 30-40 across all muscles and
study participants. N=6 (4 male, 2 female)

Table C.2: Summary of prior modeling, laboratory and field-based evidence from the last
15 years showing that these types of exosuits reduce back muscle activity, muscle strain,
muscle fatigue, spine compression and perceived exertion during lifting, bending, lean-
ing and stooping tasks. Each of the studies summarized below tested a device/prototype
that is functionally similar to the extensible or form-fitting exosuit in the engaged mode.165
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