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ABSTRACT

Wearable exoskeletons promise to make an impact on many people by
substituting or complementing human capabilities. There has been in-
creasing interest in using these devices to reduce the physical loads and
the risk of musculoskeletal disorders for industrial workers. The interest
is reflected by a rapidly expanding landscape of research prototypes as
well as commercially available solutions. The potential of active exoskele-
tons to reduce the physical loads is considered to be greater compared to
passive ones, but their present use and diffusion is still limited.

This thesis aims at exploring and addressing two key technological
challenges to advance the development of active exoskeletons, namely ac-
tuators and control strategies, with focus on their adoption outside labora-
tory settings and in real-life applications. The research work is specifically
applied to a back-support exoskeleton designed to assist repeated manual
handling of heavy objects. However, an attempt is made to generalise the
findings to a broader range of applications.

Actuators are the defining component of active exoskeletons. The greater
the required forces and performance, the heavier and more expensive ac-
tuators become. The design rationale for a parallel-elastic actuator (PEA)

is proposed to make better use of the motor operating range in the target
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task, characterized by asymmetrical torque requirements (i.e. large static
loads). This leads to improved dynamic performance as captured by the
proposed simplified model and measures, which are associated to user
comfort and are thus considered to promote user acceptance in the work-
place.

The superior versatility of active exoskeletons lies in their potential
to adapt to varying task conditions and to implement different assistive
strategies for different tasks. In this respect, an open challenge is rep-
resented by the compromise between minimally obtrusive, cost-effective
hardware interfaces and extracting meaningful information on user intent
resulting in intuitive use. This thesis attempts to exploit the versatility of
the active back-support exoskeleton by exploring the implementation of
different assistive strategies. The strategies use combinations of user pos-
ture and muscular activity to modulate the forces generated by the exo-
skeleton.

The adoption of exoskeletons in the workplace is encouraged first of all
by evidence of their physical effectiveness. The thesis thus complements
the core contributions with a description of the methods for the biome-
chanical validation. The preliminary findings are in line with previous
literature on comparable devices and encourage further work on the tech-

nical development as well as on more accurate and specific validation.
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1 INTRODUCTION

1.1 Motivation

Exoskeletons are wearable devices generally aimed at supporting physical
tasks by generating appropriate forces on one or multiple human joints.
Applications of exoskeletons cover a wide range of domains'. Medical
exoskeletons may be used as part of clinical rehabilitation to help restore
a motor function that was partially or entirely lost, or outside therapy to
enable impaired people carry out activities of daily living. Lower-limb
walking exoskeletons are perhaps the most prominent example [1, 2], as-
sociated to a growing number of commercially available devices. These
include Lokomat?, Ekso GT? and Indego*. With regards to able-bodied

users, military research has produced a variety of devices aimed at reduc-

A non-scientific but nonetheless helpful resource is the ExoskeletonRe-
port.com catalog, which can be accessed at http://exoskeletonreport.com/product-

category/exoskeleton-catalog/.
thtps: / /www.hocoma.com/solutions/lokomat/
Shttp:/ / eksobionics.com/eksohealth /products/
*http:/ /www.indego.com/indego/en/Indego-Personal


http://exoskeletonreport.com/product-category/exoskeleton-catalog/
http://exoskeletonreport.com/product-category/exoskeleton-catalog/
https://www.hocoma.com/solutions/lokomat/
http://eksobionics.com/eksohealth/products/
http://www.indego.com/indego/en/Indego-Personal
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ing effort and energy expenditure during demanding missions [3]. Also,
the consumer market has most recently started to offer devices for use in
sports practice. Examples are Ski-Mojo® and Againer®, passive knee braces
to assist skiing. Another recent trend, and focus of the present research
work, is represented by applications in ergonomics for the workplace [4].

The development of exoskeletons poses significant technical challenges
that are connected to the application. Compactness and low weight are a
design goal common to most exoskeletons. Compactness promotes com-
patibility with human movements, daily-use equipment, and contributes
to user acceptance. On the other hand, the extra mass added by a device
is energetically expensive to accelerate, and it may additionally introduce
undesirable dynamics and thus interaction forces, which may affect neg-
atively the physical effectiveness as well as user acceptance. In contrast
to stationary platforms used for clinical rehabilition, power autonomy is a
goal for most mobile exoskeletons. Low energy consumption is therefore
an important requirement to promote the success of a device in real envi-
ronments. The aspects above are given primary importance in the work
presented here.

There has been increasing interest in employing exoskeletons to reduce
the physical loads on human workers carrying out demanding tasks. Man-
ual material handling is a common demanding task in industrial scenarios
(e.g. car and aerospace manufacturing, logistics, construction). This activ-
ity generates large compressive loads on the lumbar spine over 5000/N and
thus carries a high risk of physical injury [5]. In 2016, the Italian Work-

ers’ Compensation Authority (INAIL) reports” over 31000 new cases of

Shttp:/ /www.skimojo.com/
®http:/ /againer-ski.com/
"Data are taken from INAIL's open database, available  at


http://www.skimojo.com/
http://againer-ski.com/
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absence from work due to musculoskeletal disorders (about 68% of the
total cases of absence). A large part of these (42%) are associated to the
spine, making it the area most subject to disorders. Among the causes,
spine disorders are associated to longer absences compared to the over-
all average. Work-related injuries not only increase the costs sustained
by companies, but most importantly have a severe impact on the workers
quality of life. Safety and ergonomics guidelines for the workplace aim to
reduce the workload on workers, often resulting in very strict limitations
on the weights that can be handled depending on operating conditions
such as frequency and posture [6, 7, 8]. These strict limitations give rise
to opportunities for novel technical solutions, among which wearable ex-
oskeletons have attracted great interest.

In early 2015 de Looze et al compiled a review on known exoskeletons
for industry and their reported effect on the physical work load [4]. In
association with different back-support exoskeletons, reduction in phys-
ical work load has been quite consistently documented. Passive devices
have led to reductions in muscular activity ranging between 10% and 40%,
mostly in simplified laboratory scenarios (e.g. in [9]). Also, reductions in
lumbar compression forces up to around 25% have been estimated. These
numbers establish convincing starting evidence of the potential effective-
ness and encourage further development on back-support exoskeletons.
In late 2017, at the time of writing the present manuscript, the review in
[4] no longer provides a complete picture of the landscape of industrial
exoskeletons. Over the last few years, a number of passive devices (the

Laevo® and the BackX’) have established a position within the community

http:/ /dati.inail.it/opendata/ (in Italian).
Shttp://www.laevo.nl/
http://www.suitx.com/backx


http://dati.inail.it/opendata/
http://www.laevo.nl/
http://www.suitx.com/backx
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as more and more possible applications are found and tested. However,
their actual daily use in the field is not yet clearly demonstrated. On the
other hand, new active exoskeletons have very recently made a strong ap-
pearance in the market (the Atoun Model A"’ and the Hyundai H-WEX"),
as big companies have invested substantial resources in this sector. Due
to their intrinsic versatility compared to passive systems, active exoskele-
tons hold the potential for even greater biomechanical benefits, although
they are associated to significantly more complex designs. Their potential
impact is still held back by substantial and open technological challenges.
Additionally, standard validation methods are yet to be established within

the community.

1.2 Objectives and approach

This thesis aims at addressing key challenges to advance the enabling tech-
nologies and ultimately foster the development of active exoskeletons, fo-
cusing on their practical use and translation into real-life scenarios. The re-
search work is applied to an active back-support exoskeleton designed to
assist repeated manual handling of heavy objects, but an attempt is made
to generalize the findings to a broader range of applications. This exoske-
leton aims at contributing with substantial forces on the torso so as to re-
duce the large compressive forces on the lumbar spine. The investigation
focuses on some of the aspects that are considered particularly impactful
and relevant to promote user acceptance of active exoskeletons, namely

actuators and control strategies.

BOhttp://atoun.co. jp/products/atoun-model-a
HUhttps://www.hyundaipressoffice.co.uk/release/827/


http://atoun.co.jp/products/atoun-model-a
https://www.hyundaipressoffice.co.uk/release/827/
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Actuation

Actuators are the defining component of active exoskeletons. As greater
forces and performance are required, they become increasingly heavy, com-
promising user comfort, and expensive, compromising market potential.
Mechanical arrangements of motors and springs have the potential to im-
prove on certain actuator features such as power or energy consumption.
In this research work, a parallel arrangement is exploited to make more
appropriate use of actuation resources than a comparable rigid actuator in
generating the torque required for the task. This point is made by intro-
ducing a simplified model, based on which measures of dynamic perfor-

mance are used to argue in favor of the parallel-elastic actuator.

Control strategy

Intuitive operation and smooth physical interaction are crucial to user ac-
ceptance of an active device, which places large importance on how its
function is commanded and adjusted to generate meaningful assistance
on its operator. Indeed this is also the key advantage of active exoskele-
tons, which may implement multiple strategies to target different tasks,
as well as adapt them to different users and task conditions. This the-
sis explores the design of control strategies on a back-support exoskeleton
aiming at seamless and intuitive operation. The proposed strategies rely

on measurements of the user’s posture as well as muscular activity.
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1.3 Research context

The work presented here was carried out thanks to multiple larger projects.
I was a member of the Marie Curie Initial Training Network (ITN) for Sus-
tainable Manufacturing through Advanced Robotics Training Network in
Europe (SMART-E). This consortium was supported by the European Com-
mission under the FP7 program. Within this network, I belonged to the
package on Safety and Human-Robot Interaction. The opportunities within
this framework ranged from training on non-technical skills to expand-
ing my network of connections at international events in the field. Robo-
Mate, another EU-funded consortium active for the first two years of this
three-year doctoral work, provided the context on industrial exoskeletons,
on their most relevant technical challenges and on possible applications.
Lastly, I have been involved in a newly-started three-year project funded
by INAIL. This new enterprise sets out to further advance the develop-
ment of exoskeletons for industrial applications, exploiting the strong and

direct involvement of INAIL in measures for reducing workplace injuries.

1.4 Contributions

The first contribution of this doctoral thesis is an up-to-date overview
of existing back-support exoskeletons with particular focus on the differ-
ences between passive and active devices. Following this overview, the
overall concept of a prototype is illustrated. The core research contribu-
tions in the two areas of actuation and control strategy are described be-
low. To complement the core contributions with evidence of the effective-

ness of the prototype, validation methods and results are presented.
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Actuation

e Development and description of a concept for a parallel-elastic actu-
ator (PEA) to achieve the range of joint torques required by the target
task.

e Description of a simplified actuator model and comparison of dy-

namic performance between the PEA and a rigid actuator.

Control strategy

e Development, implementation and testing of an indirect strategy based

on user posture using information from the exoskeleton.

e Development, implementation and testing of a direct strategy based

on unobtrusive electromyographic measurements.

1.5 Outline

Chapter 2 provides the necessary background to motivate and contextu-
alize the technical challenges addressed in this thesis. It firstly introduces
biomechanical models of the lumbar spine, used to describe compressive
loads and the possible effect of exoskeletons on them. Secondly, it offers
an up-to-date overview on existing back-support exoskeletons, including
research prototypes and commercially available products, and with focus

on the differences between passive and active devices.

Chapter 3 introduces a design rationale for choosing a parallel-elastic ac-

tuator (PEA) on the target back-support exoskeleton. A simplified model
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and relative measures of dynamic performance are used to support the

advantage of a PEA against a comparable rigid actuator.

Chapter 4 presents the implementation of different assistive strategies
exploiting combinations of user posture and muscular activity to modu-
late the assistive forces generated by the exoskeleton. The discussion sup-
ports that the central advantage of active exoskeleton is the versatility to

employ different strategies to target different tasks and conditions.

Chapter 5 complements the core contributions of this thesis by describ-
ing the methods for validation and some results of the experimental cam-
paigns carried out on the prototype. The results in terms of reduced mus-
cle activity are in line with the literature on comparable devices and pro-

vide encouraging evidence on the physical effectiveness.

Chapter 6 summarizes the findings of this thesis and discusses them
with relevance to the technical challenges as well as their impact on future

research and development of active exoskeletons.



2 BACKGROUND

Summary This chapter provides the necessary background to motivate
and contextualize the technical challenges addressed in this thesis. Biome-
chanical models of the lumbar spine are first introduced. They capture
how large compression forces are generated as a result of external loads
and the muscular activity that balances them. An extended model addi-
tionally represents the assistive action from a back-support exoskeleton
and how it may reduce compressive loads on the lumbar spine. Secondly,
an up-to-date overview of back-support exoskeletons is presented. The
focus is on the advantages and drawbacks of passive and active devices.
Finally, the prototype used in this research is described touching on its

most salient features.

Parts of this chapter have been published as: Toxiri, S., Ortiz, J., Masood, J.,
Fernandez, J., Mateos, L. A., & Caldwell, D. G. (2015, December). A wearable device for
reducing spinal loads during lifting tasks: Biomechanics and design concepts. In Robotics
and Biomimetics (ROBIO), 2015 IEEE International Conference on (pp. 2295-2300). IEEE.
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2.1 Biomechanics of lifting

This section addresses the biomechanical modeling of the lumbar spine in
postures associated with lifting tasks. It aims at providing the necessary

background on how a wearable assistive device may reduce spinal loads.

2.1.1 Prior work

The review article by Reeves et al [10] individuates some spine model-
ing categories. The so-called Link-Segment Models (LSMs) represent the
human body as rigid links connected by ideal rotational joints, possibly
featuring static and dynamic phenomena [11, 12]. While these models can
lead to understanding of joint moments, they are not able to predict joint
compressive reaction forces. Muscle Equivalent Models (MEMs) address
this limitation by extending LSMs. They represent joint torques as gen-
erated by muscles along their anatomical line of action, assuming known
lever arm about the corresponding joint. Muscles typically act with very
short lever arms, which typically makes it necessary for them to develop
very large forces to balance external loads. This is especially important in
the lumbar spine, where the spinal muscles act only a few centimeters pos-
terior to the vertebrae. As a consequence, a large part of the lumbar com-
pression is generated by the spinal muscles themselves. In 1985, Chappin
et al. [13] proposed a static biomechanical model of the lumbar spine.
Their model accounts for gravity as well as for musculoskeletal forces can
therefore be categorized as a static MEM. Similar biomechanical models
have been employed to support the design of wearable assistive devices.

For example, Naruse et al [14], adopted a static MEM to analytically show
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that their prototype would reduce spinal loads. More recently, Luo et al
[15] also formulated a similar problem to support the design of an assis-
tive device. However, a central point in [10] is the importance of dynamics
in estimating spinal loads, which may be increased by as much as three
times. In the following, a dynamic MEM is employed to explore the effect

of a back-support exoskeleton on reducing spinal loads.

2.1.2 Dynamic model

Fig. 2.1 illustrates the biomechanical model used in the present work. It
is two-dimensional and features one main rigid body representing the hu-
man torso projected onto the sagittal plane, i.e. as seen from one side.
The torso has mass Wy and is connected to ground via a rotational joint
representing the lumbosacral joint. An additional mass W, represents an
external object held at the hands and is modeled as moving rigidly with
the torso, at a constant distance d;. While this weak assumption entirely
neglects the movements of the arms, it fits the present objective of approx-
imating the effect of a wearable device on the lumbar compression. The
spinal muscles apply an additional force F); to the torso, parallel to the
torso and posterior to the rotational joint with a moment arm d,; = 0.05m
[10]. Therefore, they generate a torque opposite to gravity acting on the
masses. The compression on the lumbar spine is represented by the com-
ponent of the joint reaction force parallel to the torso, i.e. R¢.

The force generated by the spinal muscles and the lumbar compression
can be calculated in this simple model by writing the dynamic equilibrium

for the system above, as follows:
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Figure 2.1: Two-dimensional biomechanical model of the lumbar spine on
the sagittal plane. The rotational joint represents the lumbosacral junction.
The torso and load have mass Wy and W,. The angle 6 represents the
orientation of the torso with respect to the direction of gravity. The spinal
muscles apply a force F; on the torso at a distance dj; from the rotational

joint. R¢ represents the compression force on the lumbar spine.

FMd]V[ =+ gWTdez'nQ
+ gWy | drsind + dysin(6 + 3)| @.1)
— (Jr + Jp)0 — dpdr6*W,

Re = Fy + g(Wr + Wy)cost — dr6* (Wr + W) (2.2)
where 0 is the orientation angle of the torso with respect to the direction
of gravity, defined as zero corresponding to upright positions and posi-
tive for forward bending; F), is the contraction force developed by the

spinal muscles; R¢ is the compression on the lumbar disc, represented by

the joint reaction force along the spine; W and W, are the masses of the
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torso and the external load, respectively; d), is the distance between the
rotational joint and the line of action of the muscles; dr is the distance of
the center of mass of the torso from the rotational joint; d;, is the constant

distance of the center of mass of the load from that of the torso.

Assistance: two possible configurations

As an extension of the model above, the idea of reducing the spinal loads
by means of an assistive device is presented in the following. Two possible
ways for delivering mechanical assistance are analytically compared. The

two configurations are illustrated in Fig. 2.2.

(a) Parallel (b) Perpendicular

Figure 2.2: Two possible configurations to provide mechanical assistance.
On the left, the parallel configuration applies an assistive force along the
line of action of the spinal muscles. The perpendicular configuration on
the right applies the same force but oriented perpendicularly with respect

to the spinal muscles.
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In both cases, the device is modeled as an additional mass Wy that,
for the sake of simplicity, is applied to the center of mass of the torso. Its
assistive action is represented by a force F, the orientation of which is
the key difference between the two configurations. Fig. 2.2(a) shows force
F§ as acting through the lever arm of length dx and in parallel with F),.
F% is applied on an additional massless body, which is rigidly attached
to the torso in this simplified model. The alternative option is depicted in
Fig. 2.2(b), where F}, acts through a lever arm of equal length dx but is

perpendicular to the line of action of the spinal muscles.

Fiy = Fu — F 5 + gWxdrsing 23
F]l\} =y — F)b(% + gWixdrsinf .

¢=Iy+Fy +9g(Wr+ Wx + Wg)cost+
—drpf? (Wr + Wx + W)

RL=Fy+0  +g(Wr+ Wy + Wr)cost+ (2.4)
—dr0” (Wr + Wx + Wp)

Assuming F'¢ = F%, Equation (2.3) suggests that the two options have
the same effect of reducing the muscular force, resulting in F§, = F},.
However, the compression forces R? and RY in Equation (2.4) are not
equal (see Fig. 2.3), due to the different orientations of F¢ and F%. The
former, acting along the torso, contributes to compressing of the lumbar
spine. The latter, while offering an equal assistive torque F' )b(d x = F%dx, is
directed perpendicular to the torso and thus does not contribute to com-

pressing the lumbar spinel. This is illustrated in Fig. 2.3 showing the

!Rather, based on the model presented, the perpendicular configuration may increase
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estimated compression force R, calculated based on Equation 2.4 in com-
bination with motion data (as described in the next section) for the two
configurations and different loads. This analysis suggests that the perpen-
dicular configuration in Fig. 2.2(b) is preferable to the parallel configura-
tion in Fig. 2.2(a). The former is therefore adopted in the following part of

this work, which therefore considers Fy = F%.

3000

2500
O
o
8 2000
Q - - — W ey, —
< 1500 - - - -~ < 3
o - - - - ~ -
o - -
24000f = = = 7 Rc? 15kg i
a Rc® 15kg
§ s00f = = Rc? 5kg ]
o = = RcP 5kg

0 1 1 1 1 1 1 1

05 06 07 08 09 1 1.1 12 13

Joint angle 0 [rad]

Figure 2.3: Estimated lumbar compression force R~ (Equation 2.4 in com-
bination with motion data, as described in the next section) against torso
orientation, calculated with real motion data for the two different configu-
rations. The green and orange lines refer to the perpendicular and parallel
configurations, respectively. The mass of the load being moved is 5kg or
15kg (see legend). Greater compression forces can be observed in associ-

ated to the parallel configuration.

shear (as opposed to compressive) loads on the lumbar vertebrae, but the effect of these

is not covered in this work.
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Comparative analysis of spinal loads

The models above are employed to compare the estimated spinal loads in
two scenarios: unassisted, i.e. with no exoskeletons, and assisted via the
perpendicular configuration in Fig. 2.2(b).

The mass of the device is conservatively assumed to be 15kg. For the
sake of this analysis, the assistive force is implemented as proportional to
the orientation angle of the torso to represent the implementation of an
ideal rotational spring, as in Equation (2.5). The model parameters are
summarized in Table 2.1.

Fx =Gx -0 (2.5)

The comparison is carried out between the unassisted model in Fig. 2.1
and the assisted one in Fig. 2.2(b). The output variable of interest is the
estimated lumbar compression forces R¢ and R%, calculated using Equa-
tions 2.2 and 2.4, respectively. This quantity is estimated using load mass
(W) and motion (¢, § and 6) extracted from experimental data provided by
our project partner TNO?. During these experiments, subjects were asked
to start at an upright posture, bend forward to grab an object from the
ground, move the object onto a table, and the same in the opposite order.
Objects of mass 0, 5, 10 or 15kg were used. The motion data for distinct
task executions are illustrated in Fig. 2.4.

Fig. 2.5 shows the estimates of the spinal compression, computed based
on the equations introduced previously. The assistance uniformly reduces
the compression forces on the spine. Particularly large reduction is ob-

served corresponding to greater orientation angles of the torso. This ana-

2Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek,

https:/ /www.tno.nl/en/
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Figure 2.4: Motion data for distinct executions of lifting and lowering
movements. The angle represents the orientation of the torso with respect

to the direction of gravity.

Symbol Description Value Unit

g Gravity 9.81 [m/s?]
Wr Torso mass 50 [kgl

Wx Device mass 15 [kg]

dr Spinal muscle lever arm 0.05 [m]

dr Distance torso CoM -joint ~ 0.313 [m]

dr, Distance load - torso CoM 0.25 [m]

dx Distance spine - Fx 0.3 [m]

Gx Proportional gain 330 [Nm/rad]

Table 2.1: Model parameters.
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lysis also supports that as the external load increases, larger lumbar com-

pression forces are generated.

= 5000 Lowering Lifting
& 4000 1
8
:cj 3000 4
g
= 2000
<
g* 1000
8 0 mm  [Unassisted e Assisted |
0 1 2
Time [s]

Figure 2.5: Estimated lumbar compression force R (Equations 2.2 and
2.4), calculated with real motion data corresponding to lowering and lift-
ing loads. The blue area and lines refer to the unassisted scenario, while
the green shows the reduction in the compression when assistance is pro-
vided. The mass of the load being moved varies between 0 and 15kg, cor-

responding to generally higher compression forces.

Considerations

The scope and some limitations of the model presented above are impor-
tant to consider at this point. First of all, it is outside the scope of the
analysis above to achieve accurate estimates of the lumbar compression.
Rather, the aim is to qualitatively observe the potential effect of a proposed
wearable assistive device. A big assumption associated to the modelling

approach is to consider the pelvis as mechanically grounded and the up-
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per body as rotating relative to the pelvis. Despite this simplification, the
spinal muscles are appropriately represented as acting in parallel to the
spine. Additionally, [10] warns about the sensitivity to variability in mus-
cle lever arm. This is a concern in absolute terms but should not affect the

relative estimate between the unassisted and assisted scenarios in Fig. 2.5.
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2.2 Back-support exoskeletons: state of the art

The landscape of exoskeletons for industrial applications has expanded
substantially in recent years. Back-support devices for manual handling
tasks have attracted particular attention. Most back-support exoskeletons
are built around the same concept: forces are generated between the user’s
torso and thighs to assist the extension of the back and hip joints. As a re-
sult, the muscular activity at the lower back is expected to be reduced.
Concurrently, the compressive loads should decrease and thereby the as-
sociated risk of injury. In 2015, de Looze et al compiled a comprehensive
review on scientific studies reporting the biomechanical effects of exist-
ing exoskeletons for industry [4]. In late 2017, at the time of writing the
present manuscript, their review no longer provides a complete picture on
the landscape of industrial back-support exoskeletons. It is thus helpful to
contextualize the present doctoral research work by offering an updated
overview on the most relevant examples of back-support exoskeletons, in-
cluding research prototypes and commercial products. The first necessary
distinction is between passive and active devices. Passive exoskeletons
generate assistance by using mechanical springs, while active ones em-

ploy actuators (in most cases, these are electromagnetic gear motors).

2.2.1 Passive exoskeletons

Passive devices generate assistive forces by means of elastic elements only.
In general, the elastic elements accumulate energy as the person moves
from an upright position towards and bent posture. A number of proto-

types and products have been proposed over the last years. Two types
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Figure 2.6: Left: Laevo (Image downloaded from: http://en.laevo.nl/);
right: BackX (Image downloaded from: http://www.suitx.com/backx). Both
are commercial, lightweight passive exoskeletons designed to support the

lower back in unergonomic postures and during manual handling.

can be distinguished, depending on whether the assistive forces are trans-
mitted to the user via a parallel rigid structure or directly to the body
segments. The latter type can be considered soft and includes the PLAD
(Personal Lift Assistive Device) and the SSL (Smart Suit Lite). The PLAD
consists of elastic strings that run parallel to the human spine and thighs
and, between the two, routed via pulleys [16]. The SSL, on the other hand,
is implemented with wide elastic bands [17]. Perhaps the first passive
exoskeleton using a rigid structure was the WMRD (Wearable Moment
Restoring Device) from UC Berkeley [18]. It generates forces via a coil
spring and transmitted them via strings as moments approximately about
the hip joint. As the device connects to the ground via dedicated struc-

tures, its weight does not generate unwanted pressure on its wearer. The
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BNDR (Bending Non-Demand Return) uses rotational springs mounted
directly at the joint, it is secured to the user via a waist belt and transmits
forces via padded rigid structures on the chest and thighs [19]. A simi-
lar implementation can be found on a recent commercial product, Laevo®,
which entered the market in 2015. Following a similar concept, BackX*
was announced in 2016 as one module of an exoskeleton assisting the
knee and shoulders as well. Most recently, the SPEXOR European research
consortium set out to design a novel passive spinal exoskeleton with par-
ticular attention to allowing unrestricted movements and minimizing the
unwanted effects of joints misalignment [20, 21, 22].

The elastic forces in passive devices are designed such that the weight
of the user’s torso is partially compensated during the forward bending
motions in lifting tasks. As they are generated by passive elements only,
these forces cannot be modulated during operation, which may limit the
versatility of this class of exoskeletons. Additionally, their strength must
be limited by design so as not overcompensate the user’s own weight and

excessively hinder movements.

2.2.2 Active exoskeletons

Active back-support exoskeletons appear to have developed in Asia more
than elsewhere. Two currently commercial models started as research pro-
totypes. Muscle Suit, by the Japanese Innophys CO, LTD" [23], uses pneu-
matic actuation and includes a small tank to store compressed air. The user

can trigger its operation by either blowing into a dedicated mouthpiece or

Shttp://en.laevo.nl/
4http://www.suitx.com/backx
Shttps://innophys. jp/
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Name Technology Structure Parts of body
PLAD [16] Research  Elastic strings, pulleys  Soft Torso, calves
SSL [17] Research  Wide elastic bands Soft Torso, thighs
WMRD [18]  Research Coil spring, strings Rigid Torso, thighs, feet
BNDR [19] Research Leaf springs Rigid Chest, waist, thighs
Laevo Product  Gas springs Rigid Chest, waist, thighs
BackX Product  N.A. Rigid Torso, waist, thighs
SPEXOR [22] Research N.A. Articulated N.A.

Table 2.2: Summary of passive exoskeletons and their main features.

Figure 2.7: Left: Muscle Suit (Image downloaded from: https://innophys.

jp/about/); right: HAL Lumbar Support (Image downloaded from: http:

//exoskeletonreport.com/product /hal-for-lumbar-support/). They are

active exoskeletons, now commercial products resulting from years of sci-

entific research at Japanese universities.

by pressing on a pad located between chin and chest. HAL (Hybrid As-
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sistive Limb) Lumbar Support is a product of Cyberdyne®, the Japanese
company that also designs HAL as a full body exoskeleton. It is a com-
pact device resting on the waist and actuated by electromagnetic motors.
Electromyography on the spinal muscles is acquired to modulate the as-

sistance provided [24]. Two more devices have recently made the market

- EERT

Figure 2.8: Left: Atoun Model A (Image downloaded from: http://atoun.co.
jp/products/atoun-model-a); right: Hyundai H-WEX (Image downloaded
from: https://www.hyundaipressoffice.co.uk/release/827/). 'They’ap-

peared in the market more recently than others.

in Asia. The first one, Atoun Model A7, is backed by the Japanese Pana-
sonic, which has been working on exoskeletons for some time. The device

is actuated by two motors and battery powered. On the Korean Hyundai

Shttps://www.cyberdyne. jp/english/
"http://atoun.co.jp/products/atoun-model-a
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H-WEX?® (Hyundai Waist EXoskeleton), on the other hand, only one motor
provides power to assist the back. Unfortunately, very little technical in-
formation is publicly available. Also, due to their very recent appearance,
no results of rigorous of testing campaigns is available. A recent develop-
ment on the European side is German Bionic?, a young company that aims
to exploit part of the results from the Robo-Mate EU research consortium!’
(further discussed in the Section 2.3). The HuMan!! European consortium
also has been addressing the development of exoskeletons for the support
of industrial lifting, although no detail was found at the time of writing.
In contrast with the predetermined action of a passive exoskeleton, the
forces exerted by active devices are commanded according to appropriate
assistive strategies and can thus be modulated during operation and ad-
justed to different tasks and users. This represents the central advantage
of active exoskeletons, which are believed to potentially bring greater re-
ductions in joint loadings than passive devices. Different user interfaces
have been proposed, ranging from EMG to the more unusual mouthpiece.
At this stage it is unclear whether one is better than the others or which is

more suited to the different possible target tasks.

8https://www.hyundaipressoffice.co.uk/release/827/
https://www.germanbionic.com/
Ohttp://www.robo-mate.eu
HUhttp://www.humanmanufacturing.eu
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Name Technology Command

Muscle Suit [23] Res./Prod. Pneumatic = Mouthpiece, chin pad
HAL Lumbar Support [24] Res./Prod. EMmotors EMG at lower-back
Atoun Model A Product EM motors  N.A.

Hyundai H-WEX Product N.A. N.A.

GermanBionic CRAY Product EM motors  Inclination

HuMan EU project Research N.A. N.A.

Table 2.3: Summary of active exoskeletons and their main features.

2.3 The Robo-Mate Mk2 prototype

The device used in this work is an active back-support exoskeleton. Its
development was supported by the EU-funded FP7 project Robo-Mate'?
[25] and has later continued via national funding by INAIL (the Italian
Workers” Compensation Authority). This section describes the details of
its second version, named Mk2. A more recent, slightly refined version
(Mk2Db) is available at the time of writing, but for the sake of consistency
across chapters a description of Mk2 is preferred. With reference to the
overview in the previous section, some central overall objectives and re-

spective design choices are summarized as follows.

e It should produce forces that substantially contribute to back and
hip extension. A rigid structural frame complemented with padded
straps from a commercial backpack were chosen to withstand large
forces safely and transfer them comfortably to the body segments of

interest (Section 2.3.1).

e It should be lightweight, portable, and have low footprint. Electro-

Rhttp:/ /www.robo-mate.eu
P
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magnetic motors were chosen as a good compromise between com-

pactness, portability and weight (Section 2.3.2).

e It should allow unhindered movements. A joint torque sensor was
embedded in each actuation unit to ensure appropriate control accu-
racy and precision at low torques (Chapter 3). Additionally, a num-
ber of passive degrees of freedom were included as part of the con-
necting links to allow unrestricted movements outside the actuated

joints (Section 2.3.1).

o It should result in seamless assistive action. Different strategies were
explored aiming at minimal obtrusiveness and intuitiveness for the

user (Chapter 4).

2.3.1 Structures

The prototype, represented in Fig. 2.3, spans the torso and upper legs sim-
ilarly to most of the devices described in Section 2.2. On the torso, it is
attached via parts of a commercial backpack, including shoulder straps
with front clip, a wide waist band, and a padded rigid plate at the lower
back. Custom Velcro-bands to fix the leg links to the thighs were sewn in-
house. Attached on the rigid back plate is a custom-designed rigid frame
that holds the two actuators in place, one on each side lateral to the hip
joint and approximately aligned with its axis of flexion-extension. Dur-
ing the donning procedure an assistant attempts to align the actuator at
the hip, and subsequently the multiple adjustment straps are used to dis-
tribute weight and pressure to the user’s preference. Each actuator gener-

ates torque between the rigid frame and the corresponding thigh link. The
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Figure 2.9: Side view of the Mk2 prototype.

torque is approximately limited to the sagittal plane. The leg links con-
necting each actuator to the corresponding thigh band are endowed with

a set of five passive degrees of freedom [26]. Additionally, the shoulder
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straps are connected to the rigid frame via a spherical joint providing three
additional passive degrees of freedom. These ensure that user movements
are unhindered (e.g. twisting the torso; hip abduction and adduction; hip

internal and external rotation) and as a result promote comfort.

2.3.2 Actuators and electronics

Each actuation unit includes a brushless DC motor coupled to a compact
reduction gear. In parallel with the gear is a custom rotational spring,
based to the concept of parallel-elastic actuation (PEA). The implementa-
tion of the parallel spring is described in Chapter 3. The total joint torque
produced by the two elements is measured via a commercial, strain gauge-
based joint torque sensor. Table 2.4 provides details on the components of

the actuator.

Motor - Maxon EC60 flat 24V

Motor driver - Maxon ESCON 50/5 Module
Nominal power w100

Nominal torque mNm 289

HarmonicDrive gear - SHD-20-100-2SH

Reduction ratio - 100

Torque sensor - ME-Systeme TS110a

Table 2.4: Table summarizing the actuator components and specifications.

All the electronics and computers are located in a custom plastic box,
tit on the custom rigid frame near the back plate. The cables connecting
the electronics to the motors and torque sensor are routed through the

hollow profiles constituting the rigid frame. Commercial components in-
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clude: the driver for the brushless motor (Maxon ESCON 50/5 Module);
the main computer in charge of the custom control software and commu-
nications (Intel NUC); inertial measurement unit (IMU), mounted on the
rigid frame (xSens MTi-30 AHRS). Custom electronics include: the am-
plification and digitalization of the signal acquired via the torque sensor;
various breakout and connection boards. At the present stage the exoske-
leton still relies on external power supply, although future plans to include

a battery have been made.

2.3.3 Controls

The control scheme is structured on two levels, as depicted in Figure 2.10.
The general goal of this scheme is that the user is free to move as intended
and additionally experiences substantial assistive forces with appropriate
timing and extent. This concept has been referred to as following user in-
tention. On the low level, a closed-loop torque controller is in charge of
tracking the reference torque signal at each actuator. A description of the
closed-loop controller regulating the torque at the corresponding actuator
is provided in Chapter 3 and therefore omitted in this section. A high level
strategy establishes the necessary amount of assistive torque and gener-
ates a reference signal accordingly, based on bioelectrical and biomechan-
ical measurements. No further details are presented in this section, as this
aspect is expanded in Chapter 4. This control scheme is implemented in

C++ and is executed at 1k H z by the main on-board computer.
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Figure 2.10: The implemented control scheme, articulated in two levels.
The low level regulates the torque output at the actuators. The high level
corresponds to the assistive strategy and is responsible for the extent and

timing of the generated assistance.



3 PARALLEL-ELASTIC ACTUATION

Summary Actuators are the defining component of active exoskeletons.
As greater forces and performance are required, they become increasingly
heavy and expensive. The design rationale for a parallel-elastic actuator
(PEA) is proposed to match the asymmetrical torque requirements associ-
ated to the target task. In this case, a PEA makes better use of the motor
operating range. A simplified actuator model and relative performance
measures are presented to suggest that, thanks to the parallel spring, a
more convenient choice for the motor can be made. This leads to improved
dynamic performance as captured by the proposed measures, which are
associated to user comfort and are thus considered to promote user accep-

tance in the workplace.

Parts of this chapter have been published as: Toxiri, S., Calanca, A., Ortiz, J., Fior-
ini, P., & Caldwell, D. G. (2017). A parallel-elastic actuator for a torque-controlled back-
support exoskeleton. IEEE Robotics and Automation Letters, 3(1), 492-499.

32
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3.1 Introduction

When designing an exoskeleton, it is important to keep its weight as low
as possible to promote comfort during use. By contrast, generating large
assistive forces tends to require heavy components. As a result, the de-
sign trade-off between weight and forces is of special importance. Fur-
thermore, the actuators typically make up a significant portion of an exo-
skeleton’s weight, which makes their design of particular interest.

Electromagnetic motors are the most common type of actuators on ex-
oskeletons, but high-reduction gears are typically required to achieve large
joint torques. As a result, the torque-to-weight ratio and the achievable
torque-control performance are often compromised. It is therefore impor-
tant to consider the task dynamics when defining the actuation require-
ments to avoid overdimensioning the motor and gearbox. Instead of us-
ing motors, it is also possible to generate assistive forces employing only
passive elements such as mechanical springs. Exoskeletons of this type
(known as passive) are typically simpler in their design, more lightweight
and do not require electrical power, but their versatility and functional-
ities are limited compared to those with actuators. Parallel mechanical
arrangements of motors and springs have been proposed to combine the
benefits of the two solutions [27, 28, 29, 30].

As introduced in Section 2.3, an asymmetrical torque range is associ-
ated to the requirements for the target back-support exoskeleton. With
reference to the mechanical spring-motor arrangements mentioned above,
this chapter illustrates the rationale for choosing a parallel-elastic actuator
(PEA) to generate the necessary torques. The design of the PEA is elabo-

rated based on the task requirements, allowing the convenient choice of a
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lower-inertia motor-gear, which is associated to improved torque-control
performance. This improvement is formally analyzed and experimentally

validated.

3.1.1 Prior work

To combine the versatility of motors with the energetic convenience of
springs as torque source on robotic devices, different mechanical arrange-
ments have been proposed in the literature. Among the key drivers, re-
ducing energy consumption and maximum motor power and torque re-
quirements have played an important role.

A study on elastic actuators for lower-limb exoskeletons found the par-
allel configuration to be beneficial for the hip and ankle joints during walk-
ing [27]. An asymmetric two-branch actuator designed for energy effi-
cient robotic joints was presented in [28, 31]. This concept can be seen
as a parallel-elastic actuator, where the parallel elastic branch contributes
to joint power by storing significant amounts of energy. The energy ef-
ficiency associated to parallel elastic branches was also studied with spe-
cific application in walking with ankle prostheses [29]. Additional insights
into the dynamics and energetics of elastic actuators were recently given
in [32]. The energy-saving property of parallel elasticity emerged in an ex-
perimental study with the HAL Lumbar Support [33]. In [30], the parallel-
elastic branch was explicitly used to reduce the motor torque requirements
in an actuated ankle prosthesis. Indeed, the parallel configuration makes
better use of the motor operating range in the case of asymmetric torque
requirements [34].

Considering the application field of exoskeletons, this approach is fo-

cused on torque-control performance as opposed to energy efficiency. The
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former is strongly associated to user experience and comfort. To this aim,
Series-Elastic Actuators (SEAs) have been proposed to improve torque
control by reducing output stiffness [35]. PEAs, on the other hand, enable
designs with lower reflected inertia, which is the focus of this chapter. The
presented analysis uses simplified models to capture the effects on torque

dynamics associated to different inertias.

3.2 Design concept

The physical task targeted by our exoskeleton is the repeated manual han-
dling of objects up to 15kg in industrial scenarios. As described in [26],
based on a biomechanical model and human motion data, it is estimated
using inverse dynamics that the human body generates over 200Nm to
extend lower back and hips, at joints speeds reaching 2rad/s. Unsurpris-
ingly, mostly torques against gravity are required to accomplish the tasks.
Considering the goal of reducing the spinal loads and thus reducing the
risk of injury, the exoskeleton was designed aiming to provide about half
of the necessary joint torque (100Nm), leaving the rest to its user. Aiming
to generate only a portion of the total torque' was a design decision meant
to make the device safe to interact and never strong enough to physically
overcome its user. It follows that the target for each of the two actuators is
to accurately generate from very low torques up to about 50Nm, depend-
ing on the situation and based on an appropriate assistive strategy.

As anticipated, the required torques are in nearly all cases positive, i.e.
against gravity. Any traditional actuator would thus be overdimensioned,

as its negative torques are not required to accomplish the physical task.

'The torque necessary to accomplish the task
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Loosely speaking, a parallel spring helps by producing a portion of the
torque at the joint, thereby offsetting the working space of the motor-gear
to more closely match the asymmetrical range of required torques. It fol-
lows that the torque requirement for the motor-gear pair can be relaxed
substantially, which given a similar power demand is expected to bene-
fit in terms of maximum speed and dynamic performance. This aspect is
expanded in the next sections.

In a previous iteration (from here on, Mk1), the actuators had been de-
signed to achieve over 50 Nm but with proved too slow for the target task.
Motivated by this realization, the parallel spring was introduced as part of
the following design (Mk2), which achieves significantly faster dynamics
although with slightly sacrificed torque capabilities (under 50 Nm). How-
ever, the reduced torque range is due the specific parallel spring available
when Mk2 was designed (more details later in this chapter), and may eas-
ily be increased with a stiffer physical spring.

The total torque capability of the PEA may be described qualitatively as
depending on the spring deflection angle, i.e. the spring torque-deflection
profile. At any given deflection, the range of possible output torques can
be visualised as the motor-gear capabilities displaced by the spring profile.
Fig. 3.1 conceptually illustrates the motor-gear working areas correspond-
ing to two key configurations. In (a) the spring is in its resting position and
thus produces no torque. The resulting actuator working area, described
by the nominal torque and speed, is symmetrical and covers positive and
negative torques in equal magnitude. The spring is designed such that its
resting position corresponds to full extension of the user’s torso and leg,
which corresponds to where lowest torques from the exoskeletons are re-

quired. In (b) the spring is loaded such that its torque is about as large as
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Figure 3.1: Illustration of the actuator working areas at two different
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spring deflection states. In (a) the spring is in its resting state, therefore

the available torque range is symmetrical. In (b) the spring generates a

torque about as large as the motor-gear nominal torque. The available

torque range is therefore shifted to positive values only.
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the motor-gear nominal torque. As a result, the range of possible torque
outputs spans from around zero to twice the nominal torque. The spring
is designed such that this configuration corresponds to the maximum joint
angle between torso and leg, at which the torques required from the exo-
skeleton are largest. In other words, the parallel spring approximately
doubles the maximum torque capabilities of the motor-gear pair in (b),
where the requirements are most demanding. As a possible alternative
to the parallel spring, choosing a gear with double the reduction ratio
would also achieve double the maximum torque capabilities. However,
this would additionally reduce the achievable joint speeds and negatively
impact the torque-control performance due to much larger reflected in-
ertias. Additionally, it would cover the negative torque range, which is
largely unnecessary for the target task. It is also important to note that
the spring is designed such that it is never stronger than the motor-gear
pair. Its elastic torque can thus be compensated in any situation making it

transparent to the user.

3.2.1 Physical implementation

The spring is implemented as an arrangement of an elastic cord routed in
between poles, as illustrated in Fig. 3.2. Its design is outside the scope of
this thesis and was introduced in [36]. This mechanism allows to achieve
different joint stiffness values by selecting cords of different cross section.
The result is a compact actuation unit that includes the motor, the reduc-
tion gear, the spring with associated mechanisms, and the joint torque sen-

SOr.
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Figure 3.2: The implementation of the mechanical spring, in two configu-
rations. On the left, the bungee is unloaded and it produces no torque on
the joint. On the right, the joint is displaced by about 45 degrees and the

bungee cord therefore produces a torque on the joint.

3.3 Actuator dynamics and control

3.3.1 Simplified dynamic model

Here a dynamic model of the actuator is presented. Under a number
of simplifying assumptions, the model attempts to capture the dominant
phenomena that determine torque dynamics. The simplifications at this
stage include: (a) neglecting the dynamics of the low-level controller for
the motor current; (b) considering the gearbox as infinitely stiff and there-

fore considering it as a rigid transmission. While this reduces the general
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validity of the model, the focus is on a simplified analysis allowing more
immediate interpretation.
Based on the above assumptions, the following model for a PEA-driven

exoskeleton joint is considered:
(ngTQ + Jl)e + dve + dcsigné’ + k'pQ =Tm — Th (3.1)

where 6 is the angular position of the joint, .J,,,, is the sum of motor and
gearbox inertias, r is the gear ratio, J; is the inertia of the exoskeleton link
between the actuator and the attachment to the user’s thigh, £, represents
the stiffness of the parallel spring, while d, and d. represent the overall
viscous and Coulomb friction parameters, respectively. The motor is con-
trolled in current mode and 7,, is the motor input torque (proportional
to the current) whereas 7, is the interaction torque with the environment,
measured using a torque sensor located at the output, such that it mea-

sures the sum of elastic and actuator torque.

3.3.2 Closed-loop torque controller

A control law is implemented including a proportional-derivative torque
feedback supplemented by a feed-forward action, meant to reduce steady-
state error. The term u attempts to compensate the large Coulomb and
viscous friction typically introduced by the gear, in order to mask it from
the user and thus promote comfort. The parallel spring is also masked

from the user by the term u as follows.

Tm — U_P(Th_Tref)_Dj—h—i_Tref (32)
u = dyf+ d.signd + l;:pﬁ (3.3)
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Figure 3.3: Block diagram representation of the controlled actuator. One

can see the feedback interconnection of the control, the exoskeleton ¥z xo

and the human > 4.

where P and D are positive proportional and derivative gains, d,, d. and
k, represent (under-) estimation of the parameters d,, d. and k,, such that
dy=d,—d, >0,d. =d. —d, > Oandl;;p = kp—l%p > 0 to avoid over-
compensating friction and spring stiffness. A graphical representation of
the control scheme is proposed in Fig. 3.3 where the block SF'C represents
the stiffness and friction compensator given by  in Equation (3.3). The
blocks ¥pxo and Xy represents the exoskeleton (as an admittance) and
the human (as an impedance) which are mechanically interconnected.
Considering the control law in Equations (3.2)-(3.3) applied to the sys-

tem in Equation (3.1), the closed-loop dynamics become:

oo dy s de . ok D .
= Toef — 4
P+19+P+19+P+181gn9+P+19+P—i—lTh Tref —Tn (3.4)
where
Jp = Jmgr® + J; (3.5)

is the overall reflected inertia and parameters d,, d. and l%p are positive and
reasonably small. The reader can notice that the parallel elasticity is not

only compensated using the term k,0 (leading to the residual stiffness ,)
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but also masked using torque feedback which further reduces the residual
stiffness by a factor of P+ 1. We highlight that this achievement is allowed
by the specific torque sensor arrangement (in series with the parallel of
spring and gearbox) which allows to not only mask the motor but also the
spring dynamics by means of torque feedback. Thus, neglecting the less
significant terms, the dynamics in Equation (3.4) becomes:

J. . D
L M ™ Tref — 3.6
Pl Ty Trer T Th (3.6)

Stability It is important at this point to consider that the discrete-time
implementation of the controller in Equation (3.2) has an upper limit on
the proportional gain. The upper limit is associated to the stability of a
proportional force controller and is known from Whitney [37]. The limit
value is determined by a combination of environment stiffness and sam-

pling time:
1
ke-T
where T is sampling time and k. represents the environment stiffness, at

P < (3.7)

the output of the actuator. The value of k. captures the stiffness of the
deformable human tissues on the limb onto which the assistive force is
applied (e.g. the user’s thighs as shown in Fig. 2.3), as well as the stiffness
of the link that connects it to the actuator. In general, the environment
stiffness k. may vary substantially during use, for example due to muscle
contraction. While an accurate estimate of the limit value is outside the
scope of the present study, it must be noted here that the value is indepen-
dent of the actuator’s dynamical properties. Therefore, in the remaining
part it is assumed that the same limit applies to different actuators and
thus use the same control gain on two different setups, which act on the

same environment and are controlled at the same frequency (i.e. 1kH z).
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3.4 Comparative evaluation

In this section a comparison between the latest actuator in our prototype
(Mk2, based on the PEA concept described above) and the actuator in the
previous prototype (Mk1, based on a traditional design with no paral-
lel elasticity and employing motor and gearbox only) is presented. The
physical parameters of the two actuators are summarized in Table 3.1. As
described in Section 3.2, the parallel elasticity in Mk2 allows the choice
of a lower-torque motor and lower-reduction gearbox compared to Mkl1,
which results in lower reflected inertia J,. Due to the same differences,
MK2 is also capable of working at greater joint velocities, while it should
be noted that both Mk1 and MKk2 are capable of covering the asymmetrical
range of torques required for the exoskeleton (specifically, Mkl covers a
wider, symmetrical range).

Torque performance are evaluated in relative terms in order to high-
light the improvement associated to the implementation with parallel elas-
ticity. A description of the experimental setups is provided first, followed
by the introduction and discussion of two measures of performance, which

are explored both analytically and experimentally.

Physical setup In order to empirically verify the improvement based on
the models above, two test-bench physical setups are assembled, one for
each actuator. Both actuators are controlled as described in Section 3.3.2
and using the same control gains. In this way, both systems can be ap-
proximated as in Equation 3.6 with the only difference being the inertia J,.
Gain values P = 5 and D = (.02 are found empirically, gradually increas-

ing P until slight oscillations appear and then adding a small D to sup-
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unit Mk2 Mk1
|

Motor (Maxon) - EC60 EC90
Nominal supply voltage Vv 24 36
Nominal power W 100 90
Nominal torque mNm 289 560
Nominal speed rpm 3740 2510
Torque constant Nm/A 0.053 0.109
Rotor inertia g-cm? 1210 3060
HarmonicDrive - SHD-20-100-2SH  SHD-25-160-2SH
Reduction ratio - 100 160
Torque sensor - ME-Systeme TS110a

Parallel stiffness Nm/rad 8 0

Table 3.1: Table summarizing the physical parameters of interest.

press them. The result is responsive torque tracking, with no instability
observed during the tests. A commercial joint torque sensor (ME-Systeme
TS110a, based on strain gauges) measures the interaction torque between
actuator and environment. Its signal is amplified and acquired via custom
electronics. A relatively low-stiffness parallel spring at 8Nm/rad is used
in the PEA setup. At the moment of testing, this was the only spring avail-
able and was considered suitable to demonstrate the concept. This is a rel-
atively low value, which would not enable Mk2 to generate 50Nm max-
imum torque in the target range of movements, which is approximately
between 0 and 90deg = 1.57rad (see Fig. 2.4). With the cord used, the max-

imum portion of torque produced by the spring is approximately 12.5Nm
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at 90deg. The experiments presented later in this chapter are adapted ac-
cordingly. However, on the implementation of the spring in [36] this value

may be easily increased by employing thicker bungee cords.

3.4.1 Transparency

Transparency is a typical requirement for torque-controlled robots. It may
be described as the actuator impedance perceived by the human when no
assistance is required. In other words, a transparent exoskeleton should
not interfere with user movements. A distinction is made here between
transparency and backdrivability, another term used in this context. In fact,
backdrivability is referred to as the mechanical reversibility of an actuator
when unpowered rather than to a closed loop-controlled joint.

In the literature, different measures of transparency for exoskeleton
joints have been used. One possibility is to observe the muscular ac-
tivity across the human joint spanned by the exoskeleton. In compari-
son with moving with no exoskeleton, the lower the activity required to
move the actuated joint in zero-torque mode, the more transparent that
joint is considered [38]. Another, more direct measure is residual inter-
action force/torque, more commonly found in research studies [39, 40].
In this respect, low interaction forces/torques for the completion of the
target movements are associated to more transparent devices. A draw-
back of these measures is that humans lack the ability to move in exactly
repeatable trajectories, which makes comparisons across conditions diffi-
cult. The approach presented below has the advantage of being indipen-
dent from precise repeatable trajectories, making it suitable to compare
two actuators with different properties.

Considering the simplified joint dynamics in Equation (3.6) and ne-
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glecting the less significant derivative term, transparency is quantified in

terms of the reflected inertia in zero-torque mode, i.e. when 7,y = 0.
Iy

P+1

Jr
(P+1)”

at given accelerations and therefore the more transparent the actuator is

(3.8)

Th =~

The lower the reflected inertia the lower the torques experienced
considered in its interaction with the user. It is worth to note now that in
this context the inertia .J, is what differs between actuators Mk1 and Mk2,
as the P gain is set to the same value for both and has an upper bound
associated to the stability limit (Section 3.3.2).
A factor F' may be defined as:
Jr )
= InMkL | Th Mkl (3.9)

Jr,MkQ N Th,Mk2
where J, yi11 and J, yx2 are computed as in Equation (3.5). The factor F
captures the improvement in transparency from the old actuator to the
newer, PEA-based implementation. Based on the physical parameters in
Table 3.1, the expression in Equation (3.9) becomes

F = J’/‘,Mkl —~ ng,Mkl : TZQ\/[kl . 3060 - 1602
ke Jmgke T 12101002

~ 6.5 (3.10)

Experimental comparison Inaddition to the expression in Equation (3.10),
an experiment was devised to estimate F’ from measured data. In this ex-
periment, the two actuators are controlled in zero-torque mode with the
same proportional and derivative control gains. Manual perturbations are
applied via a link in a pseudo-sinusoidal motion spanning the joint veloc-
ities and accelerations of the target task. The measured interaction torques
in the transparency experiment are shown in Fig. 3.4 against joint accel-
eration. The data show good fit to a linear relation between the two vari-

ables, which reflects the simplified dynamics in Equation (3.6). The ratio
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Interaction torques in transparency mode
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Figure 3.4: Interaction torques during transparency experiments plotted
as a function of the acceleration. Red and blue lines are associated to Mk1

and MK2, respectively.

between the slopes estimated for Mkl and Mk2 thus represents the ex-
perimental estimation for the factor F' in Equation (3.9). The slopes are

computed using least square fitting, leading to

.84
FeP o~ % ~ 6.46 (3.11)

which is just slightly lower than the prediction in Equation (3.10).

3.4.2 Dynamical accuracy

Dynamical accuracy is another relevant requirement for a torque-controlled

system and is analyzed here in terms of achievable torque bandwidth
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in controlled experimental conditions. For the sake of highlighting the
torque dynamics of the actuators, its physical interaction with a simple

elastic environment of stiffness k. is considered such that:
T = ke (3.12)

Considering the controller in Equations (3.2)-(3.3) applied to the system in
Equation (3.1), neglecting the less significant terms, and using Equation
(3.12), the following dynamics can be computed for the interaction torque
Th
ﬁh + PLHT"I + Th = Trey (3.13)
This leads in Laplace domain to
2

w’T
h(s) = o DJ—’:es - ngTef(s). (3.14)
where
k.(P+1
W, = e(f—i_) (3.15)

Thus, the interaction torque follows the reference signal within a certain
bandwidth that is proportional to w,, which in turn depends on the re-
flected motor inertia. Estimating w, would require the knowledge of k.
(see Equation 3.7 and associated paragraph for details) and is outside the
scope of this study, which is limited to observing differences between two
solutions acting on the same environment. Indeed, on a given environ-
ment, the improvement in dynamical performance may now be expressed

in relative terms, with reference to Equation (3.15), as

Wr Mk2 _ Jr,Mkl _ \/F (3 16)
Wr Mk1 Jr,MkQ '

where F' is defined in Equation (3.9) and therefore

VE ~ 2.5 (3.17)
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Experimental comparison An experiment is devised to support the ana-
lysis above. The physical setup includes the Mk1 and Mk2 actuators press-
ing on a coil spring. This is a very simplified representation of the human
compliance at the physical interface, but it serves the purpose of compar-
ing the performance of the two actuators. A dynamic torque-tracking task
consists of a sinusoidal chirp signal as reference 7,.; with frequency grad-
ually increasing to 6 z over 30 seconds. The torque reference is asymmet-
ric, i.e. offset to positive values to represent the asymmetry of torque range
that is required by the exoskeleton. Namely, the reference signal is built
of a 10Nm offset and a moderate 2Nm amplitude, chosen empirically to
avoid unmodelled saturation phenomena in the motor drives. The experi-
mental data is then used to identify the parameters of the transfer function
from 7, to 7, in the frequency domain, assuming no zeros and two poles
as in Equation (3.14). The ARMAX algorithm within the Matlab Identifi-
cation Toolbox is used for the identification with 7,.; and 7, as input and
output signals, respectively. The results of this experiment are shown in
Fig. 3.5 in terms of pole location and Bode plots, respectively. The dy-
namics of the two actuators shows a large difference in the frequencies at
which their poles are located. MKkl is identified as characterized by a fre-
quency of 12.5rad/s (2H z), whereas the poles of Mk2 have a frequency of
30.5rad/s (4.85H z) leading to

exp

w .
(VF)er = 082 305 _om (3.18)
W 125

which is slightly lower than predicted in Equation (3.17).
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Figure 3.5: Pole locations and frequency responses from 7, to 7, when the
actuator is coupled to a physical spring. The red and blue lines correspond

to Mk1 and MKk2, respectively.
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3.5 Discussion

Prior work on elastic robotic actuators has focused mostly on their power
and energy consumption in cyclic tasks [27, 41]. Comprehensive models of
energy losses have been used to suggest design solutions including series
and parallel elasticity [32].

In the force control literature, SEAs are a common choice leading to
improved force-control robustness via reduced output stiffness [35]. Con-
sidering the requirements for soft physical interfaces in wearable robots,
the inherent human compliance (and the additional exoskeleton compli-
ance) may reduce the need for series elasticity at the actuator.

Parallel elastic elements have been shown to reduce motor torque re-
quirements for joints subject to substantial static loads [28, 31, 34]. The
present research borrows this consideration and focuses on torque-control
dynamics, which in the area of wearable exoskeletons is perceived as more
impactful to maximize user experience. The present study starts from the
joint torque requirements and proposes a rationale to choose a PEA, based
on a convenient choice of motor. The formulation in Section 3.3 and the
observations in Section 3.4 suggest substantial improvement in the pro-
posed measures of torque-control performance associated to lower-inertia
actuators. Important limitations of this study are connected to the assump-
tions made to obtain the simple measures of torque dynamics proposed.
These measures should in fact be considered as an immediate tool to com-
pare actuators with different inertias, acting under given implementation
constraints associated to the physical interaction with the environment.

Weight and cost are additional aspects related to the implementation of

the parallel spring that are not considered in this study. Indeed, the current
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custom implementation of Mk2 is heavier and more expensive than Mk1,
which by contrast is mostly made with commercially available compo-
nents. The present study represents a first step in showing the advantages
of parallel-elastic actuation for exoskeleton joints, while further engineer-

ing work on the associated hardware is planned for subsequent stages.



4 CONTROL STRATEGIES

Summary Active exoskeletons have the flexibility of implementing phys-
ical assistance for different tasks and adjusting to different users and con-
ditions. Assistive strategies represent the key to exploiting this flexibility.
This is currently an open challenge towards commercially successful de-
vices outside laboratory settings. The challenge mainly lies in the compro-
mise between minimally obtrusive, cost-effective hardware and extract-
ing meaningful information on user intent resulting in intuitive use. This
chapter presents the implementation of different assistive strategies ex-
ploiting combinations of user posture and muscular activity to modulate
the assistive forces generated by the exoskeleton. The advantages lie in

the unobtrusive implementation and strong versatility.

Parts of this chapter have been submitted for publication as: Toxiri, S., Koopman,
A. S., Lazzaroni, M., Ortiz, J., Power, V., de Looze, M. P.,, O’Sullivan, L., & Caldwell, D.
G. Rationale, Implementation and Evaluation of Assistive Strategies for an Active Back-

Support Exoskeleton. Frontiers in Robotics and Al
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4.1 Introduction

Passive exoskeletons tend to be simple and lightweight. However, be-
cause they only generate forces via mechanical springs, they lack flexibil-
ity as their action cannot be automatically adjusted to different users or
conditions. For example, a passive device does not modulate the support
it provides based on the load being lifted, and it is typically designed for
very specific tasks. By contrast, robotic actuators offer intrinsic versatility
but conversely increase the complexity, weight, and cost of exoskeletons.

The key to versatility and therefore a crucial component in the suc-
cess of active exoskeletons is a suitable assistive control strategy. Assis-
tive strategies consist of the sensors and associated computer programs
that modulate in real time the power provided by the actuators at the cor-
responding human joints. In practical terms, the problem they address
is to generate appropriate reference signals to control the speed, torque
or impedance of the actuated joints over time. This aspect remains an
open challenge due to the difficulty in acquiring meaningful information
on user intent [42, 43, 44, 45].

Possible ways to infer user intent and needs strongly depend on the
target task. Every strategy has different advantages and drawbacks asso-
ciated to the obtrusiveness of the sensors it uses and the active user par-
ticipation it requires. In order to assist walking, for example, it might be
practical for a lower-limb exoskeleton to exploit the periodicity of the task
and play joint trajectory profiles in loops. In this case, no obtrusive sensor
would be necessary outside the main structure of the exoskeleton. How-
ever, while little user participation would be required, a possible draw-

back is that the user would have no influence on the assistance.
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The task of interest in the present work is manual material handling in
industrial applications, i.e. human operators repeatedly lifting, carrying
and lowering heavy objects. Not only is this task not periodic, it is also as-
sociated to greater variability as the mass of the external object is unknown
a priori but has strong influence on the torques necessary to accomplish
the task. As a result, it is of particular importance to find an appropriate
method for capturing user intent to appropriately command an assistive
device. This work is an attempt to exploit the advantage of actuated de-
vices by exploring control strategies for an active, torque-controlled back-
support exoskeleton. The specific problem addressed here is modulating
the magnitude of the assistive torque that the exoskeleton should produce
on its user over time to make a meaningful and substantial contribution.
In other words, the above can be expressed as generating a continuous
reference torque that the exoskeleton actuators should track. To this end,
the combination of user posture and muscular activity to generate refer-
ence assistive torque are explored. The proposed methods are very little
obtrusive and result in intuitive interaction between the exoskeleton and
its user during the target task.

This chapter describes the implementation of a number of different as-
sistive strategies and discusses their advantages and drawbacks. Firstly,
a critical overview on the relevant state of the art is presented. A brief
description of the overall control scheme for the back-support exoskeleton
is provided in order to focus the attention on the problem addressed in
this chapter. The remaining part describes the implementation and pre-
liminary evaluation of the different assistive strategies, discussing their

relevance to the target task.
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4.1.1 Prior work

While actuation technology is similar across many exoskeletons, a wide
variety of control strategies can be found in literature. As the strategy
largely determines the assistive action provided by an exoskeleton to its
wearer, it typically needs to be designed for the specific target task. A
number of reviews on control strategies have been published in recent
years [44, 45, 46, 47, 48, 49]. Although their focus is mostly on lower-limb
exoskeletons to retrain or assist walking, there are a number of concepts
that it is helpful to borrow. For example, it has become common to distin-
guish between direct and indirect strategies, depending on whether infor-
mation is acquired from the user (e.g. biosignals) or from the environment

(e.g. joints motion or ground reaction force), respectively.

Indirect strategies

Commanding an exoskeleton based on the motion of relevant body seg-
ments is particularly suited to cyclic tasks such as walking. In this case,
an exoskeleton would attempt to match the cadence and reproduce a set
of predefined assistive actions in loops. Relevant examples are presented
in [50, 51, 52] with applications in elbow and hip assistance. It is helpful
to highlight here that sensors for joints orientation are usually well inte-
grated in the exoskeleton and are therefore little obtrusive. Also, measure-
ments of interaction forces have been used as inputs for assistive strate-
gies. Ground reaction force (GRF) is used in combination with knee joint
angle on the RoboKnee to provide assistance against gravity [53]. A sim-
ilar approach is taken on a different and somewhat unique device, the

Honda Walking Assist Device [54]. With focus on lifting objects rather
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than walking, GRF is used to generate commands for a wearable knee
exoskeleton [55] and for a ground-based robotic arm [56]. One of the is-
sues typically associated to these measurements is the obtrusiveness of the
sensors that measure the GRFE. In some cases they may limit movement,
in others they may require being worn inside the user’s or special shoes.
In industrial applications, where users are not intrinsically motivated to
wear assistive device, these limitations may compromise their acceptance.
BLEEX is a well-known lower-limb exoskeleton for performance augmen-
tation in walking long distances with heavy loads [57]. The idea is that the
load is part of a backpack and its weight redirected to the ground via the
exoskeleton structures. The actuated joints, strapped onto the user’s leg
segments, are commanded to follow the user movements with the lowest
interaction forces possible. This is indeed the key feature of this strategy,
which makes it unsuitable for devices designed to apply substantial assis-
tive forces onto the user to reduce loads on specific parts, as is the case
in this thesis. The latter is also the case with the HAL Lumbar Support,
which is of the same class as the device used in this thesis [24]. One of
its control modes is based on a well-integrated measure of posture. As-
sistance is then provided as a force proportional to the inclination of the

torso. This is of particular interest in the present chapter.

Direct strategies

Electromyography (EMG) is perhaps the most representative technique

for direct control of exoskeletons!. This technique is based on measur-

!Electroencefalography (EEG), aimed at measuring brain electrical activity as reflected
on the surface of the scalp, is a comparatively more invasive technique, at this stage still

more suited for use in the laboratory. It is thus not considered in this work.
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ing very small electrical signals that are directly associated to muscular
activity. While invasive implanted electrodes exist (especially in medi-
cal applications), the focus here is only on non-invasive surface electrodes
that capture muscular activity as reflected on the corresponding skin sur-
face. Electromyography is a relatively complex technique, which has his-
torically been used in many different applications in the laboratory and
suffers from some practical limitations. Applications for monitoring pur-
poses are not of interest here (see [58, 59] for a complete overview), thus it
is considered most helpful to first outline its uses for controlling exoskele-
tons, while practical limitations are discussed in a dedicated paragraph
below.

A major trend in the literature is to employ a model to map the mea-
sured muscular activity into exerted muscle force and command an exo-
skeleton accordingly, e.g. regulating the speed or force at its joints. Some
examples can be found in [60, 61, 62]. Using similar models, Karavas and
colleagues estimated human joint stiffness by reading the activity of two
antagonistic muscule groups at the knee [63]. In that study, the mechanical
stiffness displayed by a knee exoskeleton was controlled correspondingly.
A central component of these approaches is the use of a model of muscular
force, for which the identification of a number of parameters is typically
required.

In contrast with previous literature supporting the need for accurate
models, recent studies have successfully implemented more straightfor-
ward approaches whereby EMG amplitude is more directly and propor-
tionally mapped into a reference force/torque for an exoskeleton joint. A
study on the HAL Lumbar Support tested this proportional myoelectric con-
trol [24] (which will be discussed further in this chapter). Lenzi et al later
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highlighted its relevance, proposing that an approximate measure of mus-
cular activity may indeed be sufficient to control assistive exoskeletons
[64]. An additional study by the same group successfully showed that a
device assisting one joint may even be controlled via a muscle acting on a
different joint, as long as the two muscle groups are activated in coordina-
tion during the target task [65]. These findings encourage further research
towards the simplification of direct control strategies for wearable robots,
thus making their adoption more likely and impactful on the wide public.
Recent applications of proportional myoelectric control are also described
in [66, 67]. In addition to electromyography, a number of younger tech-
nologies have been adopted but are not considered mature enough for

industrial applications [68, 69].

Practical limitations of EMG interfaces The successful application of
EMG for control purposes has historically been limited due to a number
of practical shortcomings. Firstly, the physical attachment of electrodes of-
ten requires careful skin preparation and electrode placement to improve
the quality and content of the signal. The signal is also subject to artifacts
associated to sweat, muscle fatigue and involuntary impacts. Addition-
ally, in association to relatively complex models of muscular force, rela-
tively time-consuming calibration procedures are necessary and specific to
subjects and individual sessions. These practical issues make traditional
EMG-acquisition setups unsuitable for industrial applications, for which
quicker and simpler solutions would be more appropriate. In this respect,
the solution proposed in this study and described in the next section rep-

resents a substantial improvement.
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4.2 Proposed strategies

Two-level scheme The overall control scheme of the back-support exo-
skeleton is structured on two levels, as illustrated in Figure 4.1. The low
level regulates the torque output at each actuator via a closed-loop proportional-
derivative controller (as described in Chapter 3). The high-level controller
corresponds to the assistive strategy and is of central importance in this
study. The high-level strategy is responsible for generating the torque ref-
erence signal that is tracked by each actuator. The general goal of this
scheme is that user should be free to move as intended and should addi-
tionally experience substantial assistive forces, modulated with appropri-
ate timing and extent. This concept has been referred to as following user

intention.
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Figure 4.1: The implemented control scheme, articulated in two levels.
The low level regulates the torque output at the actuators. The high level,
composed of two parallel branches, corresponds to the assistive strategy
and is responsible for modulating the extent and timing of the generated

assistance.
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Rationale A simplified two-dimensional model is employed to gain quan-
titative understanding of the biomechanics of the lumbar spine during the
target task. The model, illustrated in Fig. 2.1 and detailed in [26], repre-
sents the lumbar spine as a rotational joint connecting the torso mass Wy
to the pelvis, which is simplified as attached to ground. The spinal mus-
cles, responsible for back extension, are represented as generating a force
Fy parallel to and posterior to the spine (at a dj; distance). The reaction
force R¢ at the joint captures the lumbar compressive loads, which the
exoskeleton aims to reduce. The external object is represented by an ad-
ditional (variable) mass W, rigidly connected to the upper body. Human
motion data? applied to this model allows the estimation of the net lum-
bar moment via inverse dynamics (Fig. 4.2, on the left). This estimate is
then used to compute the corresponding muscular force (Fig. 4.2, center)
based on an approximated, fixed lever arm. Fig. 4.2, on the right, shows
the estimate of the resulting compressive force acting on the lumbar spine
while handling objects from Okg to 15kg.

Two key factors appear to affect lumbar moment, muscular force and
lumbar compression in the same way: (a) the orientation of the upper body,
and (b) the mass of the object being handled. The compression increases
with the orientation angle, reflecting a corresponding increase in muscu-
lar activity. Indeed, greater forces at the erector spinae muscle group are
necessary to balance the moment generated by gravity acting on the users
upper body and external mass. As a consequence, greater compression is
associated to increasing object mass. Similarly to above, the spinal mus-

cles activate to balance the increasing load and in turn larger compressive

2Thanks to the Netherlands Organisation for Applied Scientific Research (TNO) for
providing the data.
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Figure 4.2: Lumbar moment (left) computed via inverse dynamics, ap-
plying real motion data to the model in Fig. 2.1. As a consequence, the
muscular force F; (center) and joint reaction force R¢ (right) are calcu-
lated. The three show similar trends, depending on two key factors: (a)

the orientation of the upper body, and (b) the mass of the object being handled.

reaction forces are generated on the lumbar joint.

In order to promote appropriately timed and modulated physical assis-
tance based on the considerations, the two factors were taken into account
for the design of the assistive strategy for the exoskeleton. Fig 4.3 pro-
vides a qualitative illustration of the strategies. The stick figures at the top
represent the key movements target task: a person, starting in an upright
posture, bend down to pick up a box and stands back up while holding it.
The person then bends down again to set the box back to its original po-
sition. The strategy in red (Section 4.2.1) commands for assistance when
the person is bent down, independently of where the box is. By contrast,

the strategy in blue switches on when the box is held. As described in
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Section 4.2.2, this strategy is additionally designed to increase assistance
corresponding to heavier boxes. The yellow line represents a third, more

general, strategy which is a combination of the two above (Section 4.2.3).
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Figure 4.3: This simplified illustration further describes the idea behind
the implemented control strategies. In red, imu follows the inclination of
the torso regardless of whether the user is holding the object. The myo
mode (blue line) is represented as only switching on when the user holds
the object. In yellow, hyb displays a combination of the two behaviors, in

which each branch contributes to half of the generated reference torque.

4.2.1 Inclination-based

One branch implements an approximate version of what on a robotic arm
would be known as gravity compensation. The idea is to relieve the user
from the effort spent on holding the torso link of the exoskeleton as well as
his/her own torso. The implementation does not attempt to precisely es-
timate the mass properties of the users upper body and exoskeleton links

to exactly cancel the effects of gravity. Rather, the gain corresponding to
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this branch is adjusted individually during a preliminary familiarization

session, based on the users own comfort and/or preference.
Tdes = Njmu * Sin(etrunk) (41)

Note that this implementation differs from the model in Section 2.1.2 and
Equation 2.5, which represents a hypothetical physical spring. The torso
inclination angle is acquired via an xSens MTi-30 AHRS inertial measure-

ment unit (IMU), solidly attached to the exoskeleton back structure.

4.2.2 Proportional myocontrol

The second, sEMG-based branch is at the core of the proposed assistive
strategy. Typically, the activity of one or more muscles acting on the as-
sisted joint would be acquired, so that the same physical activity can be
accomplished with less muscular activity. Examples from recent litera-
ture are [66], in which the activity of gluteus and quadriceps was used
to modulate assistance at the hip, and [67], in which elbow flexion is as-
sisted with forces modulated on biceps activity. The closest example to
the present work is reported in [24]. In that study, HAL Lumbar Sup-
port assisted hip and back extension proportionally to the activity of the
spinal muscles. By contrast, the controller presented here generates ref-
erence values for the assistive torques proportionally to the activation of
the forearm muscles, which act in coordination with the spinal muscles
when manually lifting objects. As anticipated earlier in this chapter, the
concept of assisting a muscle based on the activity of a different one was
tirst explicitly described in [65]. This option is suitable if during a given

task, the two muscle groups activate in coordination (see section below),



CHAPTER 4. CONTROL STRATEGIES 65

and if measuring the activity of the main muscle is technically challenging
in practice while the secondary muscle is more easily accessed.

The activity of the forearm muscles is recorded by the electrodes on
the Myo armband (a description of this device is provided in a section
below). As opposed to the activity of any specific muscle at the forearm,
their overall activity is considered. Thus, the sum of the eight rectified sig-
nals acquired was considered as an estimate of grip strength, and therefore
chosen to represent the intention of the user. The signal generated at this
stage is loosely referred to as myo. It is normalized during a quick calibra-
tion phase aimed at measuring the value it reaches at maximum muscle
contraction. The control scheme generates the corresponding component
of the assistive torque as proportional to the normalized myo signal, via
a gain that determines to what extent the exoskeleton contributes to the

task, and thus potentially reduces the users effort to accomplish it.

Tdes = Kmyo : EMGsum,norm (42)

4.2.3 Hybrid

The more general case of the strategy illustrated in Fig. 4.1 is referred to as
hybrid strategy. In this general case, the two inclination-based and EMG-
based branches are active at the same time, each of the two regulated by

the corresponding control gain, as follows:
Tdes = szu : 3in<9trunk) + Kmyo : EMGsum,norm (43)

In principle, it is possible to adjust K, and K,,,, for each user and/or

tasks to best meet personal preferences and task conditions.
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Figure 4.4: The Myo armband.

The Myo armband As part of our approach, muscular activity at the
forearm is measured via an inexpensive commercial device based on sur-
face electromyography. The Myo gesture control armband?® (shown in Fig.
4.4) offers eight pairs of dry electrodes, equally spaced around the band,
typically worn on the forearm. This device is convenient for a number
of reasons, besides its affordability. The surface electromyography on the
Myo uses dry electrodes. This solution requires no skin preparation nor
pre-gelled disposable electrodes. Considering the target task of lifting ob-
ject, wearing a compact armband is less invasive than the corresponding
setup on the low back underneath the clothes. In fact, this would require
an additional person for the skin preparation and electrode positioning,
besides potentially limiting the user’s movement and resulting in poor

signal quality due to mechanical interference with the exoskeleton struc-

Shttp:/ /www.myo.com
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ture and/or straps. As an additional benefit, the device sends out data
via a practical wireless communication and is powered by built-in batter-
ies. The following section provides the details of how the signals acquired
by the Myo armband are used to command the exoskeleton. The sEMG
signals acquired on the forearm were preprocessed on the Myo armband
itself. A custom script received the eight filtered and rectified signals and
made them available to the main program controlling the exoskeleton. For
the purpose of control, the signals were summed and further low-pass fil-
tered with a cut-off frequency set to 3H z, chosen empirically as a trade-off

between physical comfort and responsiveness.

4.3 Discussion

The ability to implement different strategies is the central advantage of
active exoskeletons. Associated to this ability is the potential to adapt
immediately to different users and task conditions, which provides su-
perior versatility in comparison to passive systems. As the field tends
towards designing assistive devices with high specificity to one task, it is
conceivable to address multiple tasks with one, appropriately adaptable,
active exoskeleton as opposed to many specific passive ones. Practically,
the above means that the same exoskeleton may readily adapt to differ-
ent tasks wherein one or the other branch may be more or less necessary.
For example, in a factory, the exoskeleton may be used to assist multiple,
potentially different, tasks by selecting an appropriate strategy from an
available set, and/or further adjusting the parameters of each based on
specific needs. While switching between strategies could easily be offered

as a voluntary option to the user, it is also conceivable to automatically
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and online recognize the activity based on a set of relevant measurements
[70].

By design, the imu and myo strategies are each meant to address one
of the factors affecting lumbar compression and thus need for assistance.
Also, each is associated to advantages and drawbacks that need to be con-
sidered in the context of use of the exoskeleton. The imu strategy has the
advantage of only relying on very well integrated hardware, entirely ex-
ternal to the user. The disadvantages are connected to its inability to mod-
ulate the assistance to varying loads. Therefore, it may be a good solution
by itself when the load is known in advance, or for the specific case of
supporting static postures. By contrast, the capability of the EMG-based
component to maintain substantial assistance whenever the user holds an
object (and proportionally to its mass) is considered a beneficial feature
for an exoskeleton designed for repeated lifting. An additional difference
is connected to the possibility of scaling the assistive forces up. As men-
tioned, the imu strategy is suited for known loads. The (known) value
of the load may for example be used to scale the assistance up or down
by adjusting the corresponding gain K. However, larger gain would
lead to increasing forces also when no object is being held and thus no (or
only low) assistance is necessary, generating unwanted hindrance. Con-
versely, larger myo gains K,,,, would lead to greater forces corresponding
to heavier loads, therefore according to an increased need for assistance.
This aspect makes this strategy of particular interest considering the pos-
sible future development of actuators, capable of generating larger forces
at the required speeds. Based on the above, the hybrid strategy potentially
combines the advantages and carries the drawbacks of the two strategies

above.
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It is important to highlight that the advantage discussed above relies
on the physical effectiveness of each of the strategies implemented on an
exoskeleton. The biomechanical beneficial effect of an exoskeleton and
specific strategies needs to be validated by dedicated studies. While this
aspect is outside the scope of a thesis focused on advancing the enabling
technologies, no exoskeleton research and development is complete with-
out producing convincing evidence that its physical effects are as origi-
nally intended. The following chapter covers the methods that have been
employed to validate the prototypes and concepts described until this

point.



5 VALIDATION

Summary The testing and subsequent adoption of exoskeletons in the
workplace is encouraged first of all by evidence of their physical effective-
ness. To this end, this chapter complements the core contributions of this
thesis by describing the methods for validation and some results of the
experimental campaigns carried out on the prototype.

Reduction in relevant muscle activity represents a non-invasive, con-
venient way of directly measuring the effect of an exoskeleton during a
physical task. A more complete approach includes more time-consuming
laboratory procedures aimed at estimating the actual compressive forces
on the target joints. The results of the experimental campaign are in line
with the literature on comparable devices and provide encouraging evi-

dence on the effectiveness of the prototype presented.

Parts of this chapter have been submitted for publication as: Toxiri, S., Koopman,
A. S., Lazzaroni, M., Ortiz, J., Power, V., de Looze, M. P,, O’Sullivan, L., & Caldwell, D.
G. Rationale, Implementation and Evaluation of Assistive Strategies for an Active Back-

Support Exoskeleton. Frontiers in Robotics and Al
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5.1 Introduction

This chapter provides an overview of the methods for the validation of
the prototype exoskeleton, presents results of interest and discusses their
relevance. For an exoskeleton to be successfully adopted in the field as a
product, there are two crucial components of validation. On the one hand,
its effect on the user’s body must be as originally intended. Depending on
the specific case, this may translate into lower metabolic cost or muscular
activity, reduced joint loading, etc. On the other hand, the device must be
accepted well by users, who feel encouraged to use it, and must be afford-
able and integrate well with the existing infrastructure, so that employers
are motivated to purchase it. It may be reasonably argued that the first
component is preliminary to the second one. In other words, employers
and workers will only be willing to test a device in the field once convinc-
ing evidence of its beneficial effects on the human body is available.

As it emerges from the review by de Looze et al [4], the majority of
studies reporting the effects of exoskeletons focus on reductions in mus-
cular activity. This is often a case of convenience, as muscular activity
can be quite readily measured with non-invasive laboratory technologies
(although not free of complications). On the other hand, joint loading can
only be estimated indirectly' and requires the use of additional technology
(e.g. motion capture setups) and musculoskeletal models, which results in
substantially more time-consuming testing procedures. In relation to the
lumbar spine, muscular activity is considered a reliable indicator of joint

loading, as described in Section 2.1. Therefore, a significant reduction in

'Instrumented implants for in-vivo measurement exist, but are rather invasive and

therefore not considered here.
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muscular activity at the spine is reasonably associated to an improvement
in the corresponding compressive loads. In combination with reduced ac-
tivity at the target joint, an exoskeleton should not increase the activity or
loading on different joints to the point where these are at significant risk of
injury. For example, a common concern with back-support exoskeletons
is that the loads may be transfered to the knees to an excessive extent.
Experiments to validate the physical effectiveness of exoskeletons are
often performed in controlled laboratory settings. For back-support ex-
oskeletons, the tasks typically involve some type of static and dynamic
lifting meant to represent the activities carried out in the workplace. As
the objective is to capture the effect of the exoskeleton, the most central in-
dependent variable reflects whether the task is peformed with or without
the assistance of the device. Another important variable that applies to ac-
tive exoskeletons is the strategy by which they are controlled, when more
than one is available (as is the case in the experiments presented here).
Additional conditions may consider different loads and lifting techniques

(i.e. squat or stoop).

5.2 Methods

A recent testing campaign was performed on a refined version (Mk2b) of
the prototype described in Section 2.3. Besides refined electronics and soft-
ware, the main difference is the absence of the parallel spring described in
Chapter 3. This decision was made to maximize compactness, although at
the cost of reduced torque capabilities. The experiment attempted to repli-
cate the scenario of the target task, with the goal of observing differences

between the different strategies described above. The tests took place in
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October 2017 at the Vrije Universiteit Amsterdam and involved 11 partici-
pants®. The exoskeleton was controlled based on three different strategies:
inclination-based using Kj,,, = 20 (Section 4.2.1); myocontrol-based us-
ing K,,,, = 20 (Section 4.2.2); a hybrid of these two using Kj,,, = 10 and
Ko = 10 (Section 4.2.3). The activity of erector spinae muscles (specifi-
cally, the iliocostalis) was acquired on both the left and right side using a
portable EMG system. Skin preparation and signal processing (filtering,

rectification and normalization) followed SENIAM procedures [71].

5.2.1 Experimental task

Each subject was instructed to complete a lifting and lowering task in dif-

ferent conditions, described as follows:
e 710 ex0: no exoskeleton is worn;

o imu: the exoskeleton assists based on the inclination strategy (Section

42.1), with K;pn, = 20;

e myo: the exoskeleton assists based on the sEMG strategy (Section
4.2.2), with K,,,, = 20;

e hyb: the exoskeleton assists based on the hybrid strategy (Section
4.2.3), with K;p,,, = Kpnyo = 10.

The first condition was performed first in all cases, while the order of
the remaining three was randomized. As part of the task, each condition

started in an upright position (Fig. 4.3 provides a helpful illustration). The

2This study was carried out in accordance with the recommendations of The Scientific
and Ethical Review Board (VCWE) of the Faculty of Behavior & Movement Sciences, VU
University Amsterdam (VCWE-2017-138).
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participant would then bend over, reach and grasp an object from mid-
shin height and take it up to an upright position. With no interruption, the
participant would then bend over once more, place the object back into
its original position, go back to an upright posture, and repeat this pro-
cedure for a total of three repetitions. This segment was executed twice,
starting with a 7.5kg object and then with a 15kg object, so that for each
condition the participant would lift and lower a total of six times. No in-
structions on a specific lifting technique (i.e. stoop or squat) were given to
the participants. The object consisted of a container with handles, loaded
with known weights that could be removed to accomodate for the differ-
ent loads during the experiment. For the purpose of calibrating the cor-
responding control strategy, the myo (forearm) sEMG signal was normal-
ized for each participant during a preliminary calibration session, during

which a 15kg object was held for one second against gravity.

5.2.2 Data analysis

The sEMG signals were rectified and filtered according to standard prac-
tice (low-pass frequency at 2.5Hz), and ultimately normalized to the max-
imal voluntary contraction (M.V.C.) acquired during a preliminary proce-
dure. For each condition and object mass the peak activity was considered,

ultimately using the average value between left and right side.
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5.3 Results

5.3.1 Reference torque profiles

It is interesting to observe how the torque reference generated by each of
the three strategies differs in terms of timing and extent of the assistance
provided to the user. For illustration purposes, data from one subject is
shown in Fig. 5.1. The total reference torque is plotted together with the
corresponding signal for torso inclination, to relate with the movement of
the user.

In the first row, the red profile associated to the imu strategy produces
a reference that mostly overlaps with the torso orientation both on the left
and the right plot, corresponding to the 7.5kg and 15kg object respectively.
In the second row, the blue signal represents the reference generated by
the myo strategy. The reference torque increases corresponding to when
the user picks up the box (left peak in torso inclination angle), and de-
creases again when the box is released (right peak in torso inclination an-
gle). Additionally, generally larger torques are generated corresponding
to the heavier object (right column). The third row shows intermediate
trends between the two above. The yellow reference torques follow the
orientation closely, although their values in between peak pairs are larger

for the heavier object.

5.3.2 Muscular activity

The results for muscular activity are shown in Fig. 5.2. At the top, the ac-
tivity profiles are shown as averaged across all subjects, together with the

corresponding profiles of torso orientation (dashed lines). With respect to
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Figure 5.1: Torque reference profiles generated by each of the three strate-
gies. Data is shown for illustration purposes, for one subject. The red sig-
nal mostly overlaps with the torso orientation, while the blue lines in the
second row is high between the peaks, and the value is larger for heavier
load (on the right). In the third row, the hyb reference displays an interme-

diate behavior between the two above.
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the no exo (green) condition, reduced activation of the spinal muscles is
observed in all cases. More in detail, the average profile associated to the
imu (red) control leads to the lowest activation during the first phase (be-
fore 2.0s), before the user reaches the object. The same holds for the final
phase (around 6.0s), when the person is standing back up after releasing
the object. This consideration is valid for both loads: 7.5kg (left plot) and
15kg (right plot). By contrast, myo (blue) is associated to lowest muscular
activity in the phase (around 3.5s). This time corresponds to the second
descent phase when the user is holding the object and, from an upright
position, bends forward again to take the box back down. At the same key
times, the yellow profile representing the hyb condition displays interme-
diate values with respect to the two above.

The bottom part of Fig. 5.2 shows the activity peaks averaged across
all subjects for the different conditions. Similarly to average activation
profiles, peak activation is also reduced by all three strategies, for both
loads. With respect to the no exo condition, significant percentage reduc-

tions (p < 0.05) in the peaks ranging from 28% to 35% were observed.

5.4 Discussion

The results indicate that the use of the exoskeleton, controlled by any of
the proposed strategies, leads to reduced activation of the spinal muscles.
This is positively associated to reduced compression forces at the lumbar
spine and therefore suggests potentially lower risk of musculoskeletal in-
juries during repeated lifting activities. The numbers found in this study
(percentage reductions between 28% and 35%) are in line with those indi-

cated in the existing literature (see [4, 9]), which confirms the effectiveness
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Figure 5.2: Reduction in muscular activity for the different conditions. At
the top, averaged EMG profiles across all subjects are shown. In all cases,
wearing the exoskeleton is associated to decreased muscular activity, al-
though none of the three strategies leads to overall larger reduction than
the others. In terms of peak activity, the data is summarized at the bottom,
where average peaks across all subjects are shown for the different condi-
tions. Significant percentage reductions (p < 0.05) for the three strategies

range between 28% and 35%.
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of the specific prototype and encourages further research work aimed at
more accurate understanding of the physical effects. As the development
of active devices advances, they are expected to achieve even greater re-
ductions in joint loading than passive ones. This is mostly thanks to more
appropriate assistive behaviors capable of capturing the conditions that
require strongest assistance, e.g. via electromyography (Chapter 4).

Based on the data presented, none of the three appears to prevail over
the others in terms of greatest reduction in peak muscular activation, al-
though the difference in timing among them. Rather, imu and myo dis-
play different basic behaviors.Also, as discussed in Section 4.3, myo may
be scaled up more intuitively than imu due to its dependence on the load.

A number of factors limit the direct translation of the results from val-
idation studies in the laboratory into actual use in the field. Certainly, the
short duration of the activities during the tests does not fully represent the
long hours of operation that workers need to sustain daily. In this respect,
physical discomfort may occur in long-term use. Validation studies in the
laboratory also typically involve a small number of participants, whereas
observations on a larger population would be more adequate for gener-
alization. Additionally, the simplified, symmetric lifting tasks performed
in the laboratory may not reflect the real scenarios, where operators may
also twist their torso, adopt different lifting techniques based on the shape
of loads, and walk between stations. All these extra elements may play a
role in both the physical effect of the exoskeleton and how comfortable it
is to wear for hours at a time.

In other words, biomechanics testing in the laboratory is a helpful tool
to establish starting evidence as well as to build confidence in the devices

being developed. However, their validation must be followed with ex-
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tended campaigns outside the laboratory, as close as possible to the real
scenarios of operation and therefore including the same workers for whom
such devices would enter daily use. Besides the device’s physical effec-
tiveness, individual preferences are another important aspect that should
be considered to promote the use of exoskeletons. In this direction, it may
be valuable to provide each user the ability to affect and adjust the control
parameters (within certain safety limits) to promote one’s own comfort.
as it is active and controlled via computers, the device presented would
easily implement this possibility.

It should be noted that the torque profiles shown in this chapter are
reference values, as opposed to actual torques applied on the user’s body.
In fact, the low-level performance of the actuators as torque generators as
well as of the torque transmission from the actuators to the user’s body
are areas for future research work, aimed at a more accurate understand-
ing of the physical effect of the exoskeleton on its wearer (as opposed to
only measuring muscle activation). In addition, the device used in this
study is still a research prototype. Although it has been used in prelim-
inary pilot trials in industrial settings (outside the scope of the present
study), it should be taken as a non-final prototype, whose effect may fur-
ther improve following refinements in its implementation. For example, in
the current version the electrical power for the actuators is delivered via
a cable by an external supply, which limits the usability of the device to
confined, uncluttered spaces where electrical power is available. Battery
power for improved mobility and autonomy is part of the plans for future

technical development.



6 CONCLUSION

There has been increasing interest in employing wearable exoskeletons to
improve the ergonomics and thus reduce the risk of musculoskeletal in-
juries in the workplace. Driven by preliminary evidence of their physical
benefits, their use is increasingly shifting from the laboratory into the ap-
plication field, often as collaboration between developers and end users.
The potential of active exoskeletons in terms of physical benefits is con-
sidered to be even greater than that of passive systems [4]. However, the
adoption of active exoskeletons appears to be lagging behind by a few
years, held back by a number of technical challenges, which are interest-
ing from a research perspective.

This thesis explores technical solutions with the goal of advancing the
technical development of active back-support exoskeletons, and thus their
readiness for real-life applications. The research work focuses on some
aspects of active exoskeletons that are considered particularly impactful
to promote their effectiveness and user acceptance, namely actuators and

control strategies.
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6.1 Contributions

Starting from a critical study of the state of the art (Sections 2.1 and 2.2),
this thesis elaborates the overall concept for a new prototype of back-
support exoskeleton (Section 2.3). The core contributions of this doctoral

research lie in two areas as summarized below.

Actuation

Parallel-elastic actuators (PEAs) represent a valuable solution for the de-
sign of dynamic and lightweight active joints for exoskeletons. PEAs make
better use of the motor operating range compared to rigid actuators on
joints characterized by largely asymmetric loads (Sections 3.1.1 and 3.2).
A simplified actuator model (Section 3.3) and relative performance mea-
sures are presented to suggest that, thanks the parallel spring, a more con-
venient choice for the motor can be made. This leads to improved dy-
namic performance as captured by the proposed measures (Section 3.4),
which are associated to user comfort and are thus considered to promote

acceptance in the workplace.

Control strategy

The potential advantage of active exoskeletons is dependent on appropri-
ate control strategies. Indeed, their versatility lies in the ability to switch
between strategies and adapt to users and task conditions. The central
tradeoff in the design of strategies is between the invasiveness of the as-
sociated physical sensors and their information content. Two strategies
with relevance to different conditions are shown. An indirect strategy that

modulates the assistance based on user posture is implemented. It only re-



CHAPTER 6. CONCLUSION 83

quires the sensors embedded in the exoskeleton and can support against
gravity on the upper body. However, it cannot adjust to external load (Sec-
tion 4.2.1). To address this shortcoming, a direct strategy based on propor-
tional myocontrol is implemented (Section 4.2.2). In contrast with cumber-
some laboratory setups for electromyography, this implementation uses a
convenient and unobtrusive armband. This solution requires minimal cal-
ibration and familiarization, which increases its potential applicability in
the field.

6.2 Impact

The present work contributes to the field of active exoskeletons by propos-
ing and supporting solutions for improved effectiveness and user accep-
tance of these devices. The work is particularly relevant to back-support
exoskeletons, which promise to reduce the risk of musculoskeletal back
problems for manual workers. The impacts of reduced workplace injuries
will include improved quality of life for workers as well as decreased re-
lated costs for employers. It is important to stress that the impact will only
be tangible if exoskeletons are actually adopted as solutions in the work-
place. For this to happen, their technical development still needs to reach
a level of advancement whereby workers agree to receive them as part
of their standard equipment for certain tasks, and at the same time com-
panies are encouraged to purchase them by affordable costs and effective
integration with existing processes.

During the course of the Robo-Mate project (see Section 1.3), one of the
industrial partners took the initiative towards the commercial exploitation

of the results on the active back-support exoskeleton. A newly-founded
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company' has been working on the commercialization of the prototype.
In the perspective of advancing active exoskeletons and their use in the
workplace, this is a small but important success and I personally look for-

ward to witnessing the future progress of this market sector.

6.3 Future work

The research carried out during the three years has addressed a number
of open questions, but at the same time many new interesting questions
have emerged. Some of the opportunities and goals for further work are

discussed below.

e Improved understanding of the dynamics of torque and speed at
human joints could lead to more detailed descriptions of dynamic
torque requirements for exoskeleton actuators, so that their design

can be optimized for specific applications.

e Improved understanding of how to best transfer substantial forces
to human limbs via the physical interfaces could improve the level
of comfort in using devices. It could also possibly lead to the abil-
ity to design and employ stronger actuators, thus further reducing

physical loads compared to the current generation.

e The identification of specific physical subtasks of manual handling
and corresponding strategy would allow to maximize the beneficial

effect of the exoskeleton in multiple activities.

1h’ctps: / /www.germanbionic.com/
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e Testing campaigns outside the laboratory and in scenarios closer to
industrial applications would allow to evaluate the current imple-

mentation and inform future improvements in the design.

e Further refinement of the current prototype could improve the phys-

ical effectiveness as well as the user acceptance of the existing design.

e Extending the concepts of actuation and/or control interfaces to ad-
ditional joints (e.g. shoulder, elbow, knee) may provide further sup-

port to workers during heavy physical activities.
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