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Abstract

Humans possess the remarkable ability to control their four natural limbs in a volun-
tary, accurate and independent manner. The simultaneous use of two or more limbs
allows humans to learn and robustly perform a wide range of complex tasks. Since
the use of multiple limbs enables humans to master advanced motor skills, it would
be interesting to study whether having additional limbs would enable users to expand
their skill set beyond its natural limits. Inspired by this vision, we propose a new form
of human augmentation: a wearable robot that augments its user by providing him
with an additional set of robotic limbs. We named this new device Supernumerary
Robotic Limbs (SRL). However, humans have never had the possibility to control ad-
ditional, powered limbs besides their natural arms and legs. The main theme of this
thesis, besides realizing a prototype of the robot and proving its usefulness in real-
world tasks, is demonstrating that humans can voluntarily control additional limbs
as if they were a part of their own body.

We realized a lightweight (3.5 kg), comfortable prototype of the SRL that can
be easily worn by an unassisted user. Two robotic limbs can assist the user in both
manufacturing and locomotion tasks. We created control strategies that take ad-
vantage of the independence of the robotic limbs, enabling them to provide optimal
assistance in specific tasks such as weight support, body stabilization, using powered
tools, sitting/standing and dynamic walking. Finally, we developed an EMG-based
control interface that enables users to voluntarily control the motion of the robotic
limbs, without interfering with the posture of the rest of the body. The new augmen-
tation technology presented in this thesis opens up new possibilities in the field of
wearable robotics. The voluntary control of additional robotic limbs falls within the
range of motor skills that humans can learn, and enables the acquisition of a new set
of complex skills that would not be achievable using only the natural body.

Thesis Supervisor: H. Harry Asada
Title: Ford Professor of Mechanical Engineering
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Chapter 1

Introduction

The Supernumerary Robotic Limbs (SRL) is a novel kind of wearable robot. It

augments the user by providing two additional robotic limbs, which can move inde-

pendently from the natural human limbs. The SRL is worn through a harness, and

the robotic limbs are attached to a rigid base that follows the shape of the user's hip.

The workspace of the robotic limbs has been designed to allow them to act both as

legs (reaching the ground) and as arms (reaching the space in front and above the

user). They can also reach areas outside of the workspace of the human limbs (e.g.

behind the user). The innovative features of the SRL are suitable for a wide range of

applications. Many areas of human activity could benefit from the use of additional

limbs, from manufacturing to rehabilitation. The challenge associated with the SRL

is that humans are not used to have more than four limbs. They frequently learn to

use tools of various complexity, but these tools always clearly separated from their

body. The main research question, which will be explored in this doctoral thesis, is

how to intuitively and effectively control the Supernumerary Robotic Limbs as if they

were a part of the user's body.

One promising field of application for the SRL is the manufacturing of large size,

high added-value products, such as planes and ships. These activities require human

workers to perform extremely complicated and fatiguing tasks, such as assembling

electromechanical systems, drilling holes, inspecting structures. Additionally, workers

might also be required to operate on elevated platforms or on scaffolds, which expose

17



0 0

Figure 1-1: Vision for the Supernumerary Robotic Limbs (SRL) as an assistive device

for the elderly. The SRL is a wearable robot that extends its user's body with two

additional robotic limbs. In this case, the robot is worn above normal clothing and

assists the users when walking or sitting down and standing up.

them to the risk of slipping or falling down 1121. If we also consider that specialized

workforce has been rapidly aging - the median age in aircraft manufacturing is 48

years - there is a clear opportunity for the use of the SRL as an assistive tool to

reduce fatigue and increase safety 1581. The buikling construction industry presents

a similar opportunity, being the area of manufacturing with the most injuries caused

by falls 11, 63].

Another area in which the SR L would be useful is mobility assistance for the

elderly (Figure 1). The risk of losing balance and falling down is very high for the
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population over 80 years old [83], and this demographic is in continuous growth in

developed countries 1161. Loss of mobility for the elderly also includes difficulties in

safely sitting down or standing up [59]. The conventional tools used to address these

problems present significant limitations, and are not suitable for the active lifestyle

that senior citizens expect in modern societies (Figure 2). Canes and crutches require

the use of one or both arms to be operated, and significant forces must be exerted

in order to avoid slips. Walkers are easier to operate but their wheels limit them to

flat surfaces, mostly inside buildings. The SRL could be used in this context as an

assistive tool that provides balance aid and weight compensation while keeping the

user's arms free. The robotic limbs could also assist elderly subjects when sitting

down or standing up 138], or as an emergency help in case of slips. Being wearable

and not based on wheels, the SRL is able to follow and help users in any situations,

including stairs and irregular terrain (streets, parks, etc.). Figure 2 shows how the

use of the SRL could address the needs of large numbers of patients who currently

can only use simple passive tools for locomotor assistance.

Finally, the field of rehabilitation robotics represents a new and promising research

mobility O W

fully healthy temporary disability light disability severe disability paralyzed

no need for assistance traditional passive tools

current exoskeletons

extra legs extra legs +
exoskeleton

Figure 1-2: The SRL can assist the locomotion of patients that today are forced to

use simple passive tools. The figure shows that current wearable robots (exoskeleton,
orthoses) can assist only the most severe forms of locomotor impairment. It can also

be observed that the combined use of SRL and exoskeletons could simultaneously

assist locomotion and free the upper part of the body from the need of using crutches.
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direction for the SRL. There is a large number of patients who need mobility assistance

as a consequence of leg or spinal cord fractures, walking disabilities or neurological

conditions such as strokes, Alzheimer's disease and Parkinson's disease [39, 81, 2J.

Existing state-of-the-art wearable exoskeletons can provide these patients with the

ability to stand and walk along a nominal gain cycle in the sagittal plane [32, 9,

23, 43, 54]. However, they do not have enough degrees of freedom to assist turning

and balance. As a result, they can benefit only subjects who are fit enough to use

crutches. The SRL can be used to assist these patients without requiring any arm

effort, and leaving their legs free to move and exercise. Moreover, the SRL could

provide targeted support along the walking gait, helping the user only when needed

or generating forces to correct gait abnormalities.

Together with a wide range of practical applications, the SRL also offers a unique

opportunity to study how the neuromuscular control system can adapt to additional

limbs, and learn to use them as if they were natural. The ultimate goal of this

project is for the SRL to become a natural extension of the human body. In order to

achieve this goal, suitable control signals must be identified, measured and robustly

employed in the robot control system. These signals must be independent from the

motion of the natural limbs, and able to accurately control the motion of the robotic

limbs. Since humans are not naturally provided with more than four limbs, training

protocols must be developed in order to rapidly and effectively teach this new motor

skill to SRL users.
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Chapter 2

Voluntary, Independent Control of

Extra Limbs

2.1 Introduction

Land-living vertebrates are capable of performing with apparent ease extremely com-

plicated locomotion and manipulation tasks - ranging from flying to digging, from

moving objects to modifying the surrounding environment. The simultaneous, coor-

dinated use of multiple limbs is essential to perform such advanced behaviors. These

tasks cannot be completed with a sequence of separate actions performed one after

the other by a single limb. In animals with particularly evolved neuromuscular con-

trol systems - such as mammalians - the ability to simultaneously and voluntarily

control independent limbs enables the acquisition of new, complex motor skills. This

is particularly evident in humans, who can learn a vast array of coordinated skills that

far exceed the capabilities of a single limb. Examples of advanced tasks involving two

or more limbs include playing musical instruments, practicing sports, and executing

complex locomotion patterns (e.g. climbing, swimming). Natural limbs are the result

of evolution, and for humans - like in all tetrapods - their number is limited to four.

This limits the complexity of the coordinated tasks that humans can perform. The

ability to control additional limbs together with the natural ones would open up new

possibilities, enabling the learning and execution of more advanced locomotion and
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manipulation skills. The central question here is whether the neuromuscular system

is capable of learning to control extra limbs as if they were a part of one's body, and

which human-machine interface might enable this new form of augmentation.

Human limbs - especially the upper ones - possess remarkable flexibility, which

enables them to be used for a wide range of different tasks. However, in numerous

specific applications, technological progress has led to the development of artificial

tools that vastly surpass the performance of natural limbs (e.g. sliding with skis, or

cutting with a saw). The brain adapts to these tools, learning their kinematic and

dynamic behavior and even incorporating them into the body schema - the brain's

internal representation of the human body [48, 36, 52]. The use of a tool becomes

intuitive and effortless after consistent training, in a process similar to the learning

on new motor skills for the natural limbs [19]. Therefore, tools can be perceived

and employed as an extension of the human body. In the last decade, research in

neuroscience has shown that subjects can incorporate additional limbs in their body

schema [10, 26, 30]. In the right hand illusion experiment, synchronous stimulation

of a subject's hand and of a rubber hand placed besides it leads the subject to feel

like the artificial hand is a part of their own body [111. However, these experiments

were performed using static extra limbs and deceiving the sensorimotor system with

carefully designed stimuli. A promising research direction consists of developing addi-

tional robotic limbs which are wearable, powered and under the direct control of their

user. Such systems provide both extra inputs (haptic and visual feedback) and extra

outputs (new degrees of freedom) to the subject's sensorimotor system. Achieving

voluntary control of powered extra limbs would show that humans can not only per-

ceive them as parts of their body, but also incorporate them in the motion commands

generated by the neuromuscular system.

The devices currently employed to increase the skills or performance of the human

body can be divided into two broad categories: tools and wearable systems. Tools

can be passive (e.g. hammer) or actuated (e.g. power drill), and are designed to

be manipulated and controlled with the extremities of the natural limbs. Tools are

not attached to the body, and when they are used they reduce the number of active
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degrees of freedom available to the human. These active motions are employed to

control the tool. For example, while operating a power drill the degrees of freedom

of the arm and hand are devoted to positioning the tool, and (in the case of the

index finger) to controlling the spinning speed of the drill bit. Wearable systems,

on the other hand, are attached to the human body and provide direct assistance to

natural joints. They can be unpowered (e.g. cushioned shoes, passive exoskeletons)

or powered (e.g. active exoskeletons, exosuits) [32, 74, 42, 22, 64, 72, 47, 60]. They

are designed to assist or enhance the function of specific joints, such as ankle, knee or

hip flexion /extension in the case of leg exoskeletons [17, 57, 33, 85, 28, 271. Wearable

systems do not reduce nor increase the number of active degrees of freedom available

to the human. Since they are focused on supporting the natural movements of the

body, they tend to mimic its kinematic structure and control strategies. We proposed

a third kind of augmentation device: a system that increases the number of active

degrees of freedom available to the human user. Since the coordinated use of multiple

limbs is essential for performing advanced tasks, the new active degrees of freedom

should be provided through additional powered limbs under the direct control of the

human. This augmentation strategy has the potential to expand the skill range of

its users. However, human beings are not used to control more than four limbs. In

this chapter, we will investigate whether it is possible for a human user to effectively

control extra robotic limbs.

2.2 Experimental setup and control strategy

In this chapter, we will use a simplified version of the fourth prototype of the SRL,

described in Chapter 8 (Figure 1). The motions of the extra limbs are controlled

with muscle activation signals, measured by elecromyographic (EMG) sensors on the

torso of the user [31, 20, 211. Each of the two additional degrees of freedom is con-

trolled by two torso muscles located on the same side of the human body (Figure

2). In particular, contracting the right pectoralis major originates an upward rota-

tion (flexion) of the right robotic limb, while contracting the right rectus abdominis
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Figure 2-1: Subjects wearing the SRL and phases of the experiment to verify the

possibility voluntary, independent control of the system. (A) A subject wearing the

SRL. (B) The robot is worn at the hip of the user and the two extra limbs have one

powered degree of freedom each, allowing them to rotate in the sagittal plane about

their base (a movement analogous to the flexion extellsion of the shoulder joint). (C)

Phase 1 of the experiment, in which subjects do not wear the robot, and track the

motions of two targets pointing at them with their natural arms. (D) In Phase 2 of'

the experiment, subjects track two moving targets with the robotic limbs. (E) Phase

3 requires subjects to control four limbs at oiice - two natural arms and two robotic

limbs - in order to track the motion of four targets..

determines a dowinward rotation (extension) of the same robotic limb. An analogous

relationship connects the left-side lectoral and abdominal muscles to the notions of

the left robotic limb. The muscle activation signals are acquired with a 2D0Hz sam-

pling rate, low-pass filtered (Butterworth filter., 2nd order. 10Hz cutoff frequency)

and transformed into reference velocity comrmands for the robot's motors, according

to the control law:

ST
07-ef

(0,C - 0)k + (Orc5

(01,bcc - A01,)k
(2.1)

6)ki (1

WhOere 0 rc is the reference velocity for the robotic limb, and 0 is its actual velocity.

(yrc and ol(j) represent the normalized muscle activation values for the pectoral and
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Figure 2-2: Control interface allowing the subjects to govern the motion of the robotic

limbs, and sensors employed during the experiment. (A) Torso muscles used to control

the extra limbs, and (B) the associated motions of the robot. Contracting the left

pectoral miuscik raises the left robotic limb, while contracting the left abdominal

iiuiscle lowers it. The same control scheme is replicated on the right side of the torso,
for the right robotic arm. (C., D) Position of the sensors used on the front and on the

back of the subjects. The yellow circles represent the locations of the EMG sensors

used to measure the muscle activation signals of five couples of muscles. The area

covered by each nuscle is outlined in a different color (yellow: pectoralis major, bhle:

rectus abdoninis, green: deltoid. pink: trapezius and light blue: latissinus dorsi).

The red circle represents the location of the reference (ground) electrode, while the

green squares indicate the position of the accelerometers employed to ineasure the

inclination of arms and torso.

abdominal muscles respectively (OnpJ,. 0(bs1). kc1 is a constant converting mscle

activation into a velocity reference, while k,, and ki are the gains of the velocity PI

controller that regulates the niotion1 of the robotic 1ib. T is the torque conmand

sent to the imotor. This control scheme is applied to each robotic limb, separately. It

allows to extend the synimetric, independent organization of the left and right natural

limibs to the additional limbs. The control law also shows that the muscle activatimi

signals of the ipsilateral pectoral and abdominal muscles are subtracted. This is die

to the fact that the two imuscles control two different directions of, motion for the

same robotic joint, acting like antagonistic muscles for the new degree of freedom.
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Muscle activation is converted into a velocity reference for the robotic joint, so that

a burst in the EMG signal (the typical muscle activation pattern starts from zero,

rises and then falls back to zero) generates a constant change in the position of the

robotic limb. In other words, muscular activation is required to move the extra limbs

- generating non-zero reference velocities - but not to hold them at a constant position

- when the reference velocity is null.

We chose this control interface because it can enable the user to generate in-

dependent commands for the robotic limbs. The human torso comprises numerous

superficial skeletal muscles (at least 10 pairs), whose activation can be measured with

non-invasive EMG sensors [6]. In particular, we selected the pectoral and abdominal

muscles for the control of the robot. These muscles are simple and comfortable to

access with state-of-the-art EMG sensors, can be voluntarily contracted without ef-

fort, and are close to the physical location where the robot is worn. The reason why

we focused on torso muscles is that they can activate in combinations that do not

produce any motion of the body - for example, it is easy to contract the abdominal

muscles without moving. These combinations of muscle activations belong to the null

space of the torso. As long as the torso muscle activations lie in the null space, their

forces will balance each others and there will not be any resulting motion. This is

a higher-dimensional extension of the concept of co-contraction - the simultaneous

activation of two antagonistic muscles that does not result in a movement for the

joint that they control (e.g. biceps and triceps co-contracting without originating

elbow flexion or extension). In the context of this chapter, the key consequence of the

existence of a rich, multi-dimensional null space for the torso is that its muscles are

able to generate independent activation signals that do not influence the posture of

the human body. This has the potential to enable a human subject to control extra

limbs without losing any natural degrees of freedom. Any other choice of control

commands for the extra limbs (e.g. motion or muscle activation signals from the nat-

ural limbs, neck, face, tongue or eyes) would inevitably result in the loss of multiple

natural degrees of freedom, re-directing them to the control of the robot [37, 4, 50].
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2.3 Hypotheses

Based on these considerations, we formulate three main hypotheses. Hypothesis 1:

it is possible to accurately control the extra robotic limbs, without influencing the

posture of the human body. In particular, controlling the extra limbs does not require

the loss of natural degrees of freedom - defined as preventing the motion of the

natural limbs or forcing the subject to perform particular movements just to control

the robot. As a consequence, we postulate that the coordinated control of natural

and additional limbs allow subjects to perform a complex task better than just using

the natural and artificial limbs separately, one after the other. Hypothesis 2: the

direct, independent control of the robotic limbs is enabled by the use of torso muscle

activation signals. The combinations of muscle activations used to generate control

signals for the robot lie in the null space of the human torso. Moreover, these muscle

activations are contained in a subspace that is different from the subspace of muscle

combinations used to control the motion of the natural limbs. Hypothesis 3: there

are natural limits to this approach, preventing it from being extended to an arbitrary

number of extra limbs. More specifically, we expect the accuracy of the limbs (both

natural and robotic) to decrease as we increase the number of limbs under the direct

control of a human subject. However, we hypothesize that learning to control extra

limbs is analogous to learning a new motor skill, and will therefore show performance

improvement with consistent training.

2.4 Experiments

To test these hypotheses, we conducted experiments with healthy subjects (N=11).

All of the subjects were male, right handed, in good physical shape (20aEd'BMIaEd'30)

and between 23 and 37 years old. The participants to the experiment wore the extra

robotic limbs, while standing in front of a set of four moving targets. The goal of the

subjects was to track the motion of the targets by pointing at them with their natural

arms and robotic limbs (Figure 1). Each limb was allowed only one degree of freedom
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- the rotation about its base in the sagittal plane. In the case of the natural arms,

this motion corresponded to the flexion/extension of the shoulder joint. Subjects

were asked not to move the other degrees of freedom of the shoulder, extending their

arms and keeping their elbows and wrists rigid. The targets were placed at the

end of carbon fiber rods, whose rotation was actuated by servomotors. The targets

moved to a new position every 15 seconds, and held it until the next movement. The

trajectories of the four targets were different, randomly generated and independent.

The experiment consisted of three phases (Figure 1). In Phase 1, subjects did not

wear the robot and simply tracked the motion of two targets with their two natural

arms. In Phase 2, subjects wore the robot and tracked the motion of two targets

with the two robotic limbs. They were instructed to relax their natural arms. In

Phase 3, subjects wore the robot and tracked the motion of 4 targets using both their

natural arms and the robotic limbs. Each subject participated to two experimental

sessions for Phasel, three for Phase 2 and three for Phase 3. Sessions were divided

into tracking trials which lasted for 3 minutes each. Phase 1 and Phase 3 sessions

contained 3 trials, while Phase 2 sessions consisted of 5 trials. Subjects could rest

between trials, and could not participate in more than a session per day. In all of the

phases, we measured the rotation of the human arms (with accelerometers held in

the hands) and the extra limbs (with the actuator sensors) in the considered degree

of freedom (Figure 2). We also measured the rotation of the subject's torso in the

sagittal and frontal planes (using an accelerometer taped on the upper chest). Finally,

we used EMG sensors (Figure 2) to record the activation signals of the 4 muscles used

to control the robot (pectoralis major and rectus abdominis, left and right) and of

6 additional torso and shoulder muscles (trapezius, latissimus dorsi and deltoid, left

and right).

All of the experiment subjects achieved accurate, voluntary control of the robotic

limbs (Figure 3). The movements of the extra limbs are strongly correlated with

the trajectory of the targets (Figure 4), both in Phase 2 (r = 0.83) and in Phase 3

(r=0.77). This implies that the subjects were able to efficiently track the motion of

the targets with the two additional robotic limbs, and maintained that ability when
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Figure 2-3: Examples of the tracking perf'ormance of the subjects during the exper-

iment. The left coluuimn shows the best Phase 1 trial (tracking two targets with the

human arms). The central column shows the best Phase 2 trial (tracking two targets

with the robotic liibs). 111(h right column shows the best Phase 3 trials (tracking

four targets with the human arms aid the robotic linibs).

they were tracking two additional targets with their natural arms. As expected, the

correlation between the miotion of the huian arns aid their target trajectories is

very high ii Phase 1 (r 0.93). Interestingly, this correlation remains high in Phase

3 (r- 0.77). This confirms that leariiing to control additional robotic Iimbs did not

affect the natural capacity of the subjects to control their own arnis. Moreover, our

data show that controlling the motioii of the four limibs (both the robotic and the

natural ones) did not affect the posture of the subjects, torso. Throughout the whole

expleriient., the correlation between the target trajectories and the imotions of the

torso was extreimiely low - never exceeding I --0.31 in the case of the natural arms,

and r -0.10 ii the case of the robotic limbs. Ini Phase 2, subjects actively controlled

the motion of the robotic limbs, while relaxing their arns. There is imo correlation

between the target trajectories for the extra limbs and the motion of the natural ars

(r-- 0.00). This indicates that direct control of the robotic limbs does not influence

the posture of the natural arms. We also computed tbe target reaching tinme - the

time required for a limb to reach its target with a tracking error snaller than 10deg.

Our results show that the average reaching tiie ii Phase 3 - when all four limbs were
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llsed - is smaller than the sum of the average reaching times in Phase 1 and Phase 2 -

when the two iiiiman arns and the two robotic imbs were used separately (Figure 5).

This iiieans that in Phase 3 sjects were able to execute the complicated tracking

task by coordinating the four liiibs. The direct, simlultaneous control of four limbs

Yielded a better task performance (smaller reaching time) than simply executing a

non-overlapping sequence of actions where the natural arns and the robotic inibs are

activated one after the other.
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Figure 2-4: Correlation betweeil the trajectories of the targets and the motion of
inbs and torso. (A) Correlation between the position of' the subjects, natural arms,

and the position of their targets. The grayscale bar on the right indicates the number

of data points in each location of the plot. The red line is a linear fit of the data,
and Pearson's correlation coefficient is r 0.93. (B) Correlation between the position

of the robotic limbs, and the position of their targets. (C) Correlation coefficients

between the motion of the limbs (divided in natural arms and robotic limbs), and their

targets. (D, E. F) Correlation between the trajectory of the targets, and the motion

of the subject's torso. (G) Correlation between the mnotion of' the robot targets, and

the position of the human arn.
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Figure 2-5: Average timie to reach thic targets iii all of the phases of the experimlent.
Reaching time is compuited as the timec between the instant, when a target reaches

its position, and the instant wheni the corresponding limb) reaches the target - withinl
an interval of' As10dleg. For each trial, we calculated the average reaching timie of'

every fimb. The bars in the figure displaY the mcani between the reaching timies of all
limbhs and all trials for every phase of' the experiment. The third columin represents
tile sumn of, the average reaching times of' Phase t and Phase 2. This is the average
reaching timie that we would expect in Phase 3, if the subjects controlled the four limbhs
sequentially (one after the other). The red arrow indicates the difference between this

preictonand the actual average reaching timie of Phase 3. Since subjects are faster
in reaching the four targets. they are employing the two natural armns and the two
robotic limbIIs in a coordinated. simultaneous mtanner.

2.5 Discussion

Direct control of the robotic himbs wvas enabled by several factors, including the simple

control interface, the presence of senisor~y feedback, and the uise of a velocity control

strategy. The control interface for the robot (Figure 2) was based on torso mnus-

cleslocted n te sae sde o th boy as the (ontrolled extra limb., and in the

samne direction as the intended mnotion (pectorals to raise the limib. and abdomlinals

to lower themn). We(, also employed the smallest numnber of' mutscles (four) necessary

to create an antagonistic control systemn for each of' the two artificial degrees of' free-

domn. Subjects got casil'y accustomted to the relationship between the con t racti101
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of their torso muscles and the corresponding robot motions. An accurate tracking

performance was achieved by all of the participants within the time frame of the

experiment (Figure 3, 4), which included six daily sessions with control of the extra

limbs (Phase 2 and Phase 3). The subjects' average tracking performance increased

from trial to trial, consistently with the features of the first, fast stage of motor skill

learning [24, 41, 25, 46, 511. The presence of visual and haptic feedback was another

key element of the experiment [44]. Sensory feedback has been proven to facilitate

the learning of new motor skills, and even brain plasticity [71, 75]. Here, subjects

tracked physical, rotating targets (Figure 1). They could also see the extra limbs

moving in front of them as a consequence of the contractions of their torso muscles.

And since the harness was securing the wearable system to the hip of the subjects,

they were able to feel the reaction forces generated by the movements of the robotic

limbs. Our data also confirm that employing muscle activations as velocity signals is

an effective control strategy for tracking tasks where the goal is to accurately reach a

position and then hold it. Subjects were able to track the targets both accurately and

efficiently. The average muscular activation recorded in Phase 2 - when the natural

arms were at rest - was 33% lower than in the other Phases. The reason is that

this control scheme only requires muscle contractions to change the positions of the

robotic limbs, but not to hold them in place. Conversely, when the natural arms were

required to move the shoulder muscles had to be continually contracting in order to

keep pointing at the targets in front of the subjects. This resulted in rapid fatigue

symptoms for the deltoid muscles, and limited the number of tracking trials to three

per session in Phase 1 and Phase 3 (the trials were 5 per session in Phase 2).

The motion of the robotic limbs did not influence the posture of the human body

(Figure 4), because the subjects learned to use their muscles to generate indepen-

dent control signals for the robot. The torso muscle activations associated with the

movements of the extra limbs belonged to the null space of the torso. In fact, data

from all of the three Phases of the experiment indicate that these combinations of

muscle contractions did not influence the position of the torso. Moreover, subjects

used different sets of muscles to control the robotic limbs and the natural arms (Fig-
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Figure 2-6: Main combinations of imuscles activated during the different phases of the

experiment. (A) The mliain muscle combinations used by subjects in Phase 1. These

vectors have been extracted by applying non-negative matrix factorization (NMIF)

to the muscle activation data recorded in Phase 1 - considering all of the subjects.

NIF outputs the feature vectors, displayed in the plot, that best approximate the

signals under analysis. lit this case. the right deltoid imiscle dominates the first feature

vector, while the left deltoid imiscle dominated the second feature vector. This means

that the natural armn movements - the only tracking iiovements present in Phase 1

- are dominated by the activation of the deltoid imuiscles. (B) T1'llhe main iiuscle

cominiatios ((d lby slbjects in Phase 2. The f our feature vectors are dominated

by the abdominal and pectoral muscles, one for each combination. This is consistent

with the control sche( of the robotic limbs. which was based on those muscles. It

also shows that there is nijinial overlapping with the other torso miiuiscles. and with

the muiiscles ellplo'yed to control the motion oftthe natural arms. (C) The main mu11scle

combinations used by subjects in Phase 3. The feature vectors present in the two

previous phases continue to doiniiiate the muscular activation patterlls of subjects.

Since the miuscle combinations used to control the natural arms and the robotic limbs

do not overlap significantly, subjects collbille the previously learnied control strategies

to achieve direct, coordinated control of four limbs.

ure 6). These sets of muscles have iminimal overlapping. and can therefore be used

independently. In particular, the pectoral muscles are involved both in the natural

notion of the human arms, and in the control of the extra linbs. However, the levels

of activations required by these two tasks are different - a much stronger activation

is needed in order to generate a control signal for the robot. This explains why the

sane imiuscles could perform both functions without conflict, as a secondary coIpo-

1ient of the muscle combinations employed to move the natural arms and as a priiary

component of the imuscl( combinations employed to control the robotic limbs.

The main limit of this approach is that tracking accuracy decreases when adding

active degrees of freedoi 1111de. direct control of the subject (Figure 7). This rediction
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Figure 2-7: Normalized tracking performance in the different phases of the experi-
ment. (A) Normalized root mean sqare (RMS) of the tracking error, as a function of
the nugber of trials. Phase 1 consists of trials 1-6, Phase 2 consists of trials 7-21, and

Phase 3 consists of trials 22-30. Solid lines represent the average RMS tracking error

across all subjects, arid the shaded areas indicate the standard deviation. Thin lines
and light shades refer to the human arms, while thick lines and dark shades refer to

the robotic limbs. The dotted lines indicate the linear fit on the data. The learing

rate - the reduction of the tracking error from one trial to the next - is fast in Phase
3, intermediate in Phase 2, and absent in Phase 1. This confirms that learning to

control extra limbs is analogous to learning a new motor skill. (B) Distribution of
tracking errors for the robotic limbs in the Phase 2 trials. (C) Distribution of the

tracking errors for the robotic limbs in the Phase 3 trials. The average tracking error

increases as we add extra powered degrees of freedom to the human body.

in performance affects all of the limbs involved in the task. The average tracking error

increases from Phase 1 to Phase 3 for the natural arms, and from Phase 2 to Phase 3

for the robotic limbs. At the same time, tracking accuracy gradually improves with

training, confirming that subjects are adapting to the extra limbs as if they were

learning a new motor skill. In particular, the learning rate (reduction of tracking

error from trial to trial) is fastest in Phase 3, where both natural and robotic limbs

are controlled by the subjects. While the learning rate is intermediate in Phase 2

(only robotic limbs), there is no significant learning in Phase 1 (only human arms).

This is expected, because subjects have already refined the control performance of

their natural arms over the years, arid do not niced t~o learn anything new to use them

to track the target trajectories. Whenever we add the robotic limbs, though, subjects

need to develop a new control strategy and the learning process is initiated.
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2.6 Conclusions

We have demonstrated that humans can learn to accurately control additional pow-

ered limbs, without influencing the posture of their natural body. The human neuro-

muscular control system adapts to this new configuration in a few training sessions.

The vast number of muscles in the human torso allows subjects to generate indepen-

dent control signals. The combinations of muscles used to control the robotic limbs

belongs to the null space of the torso, and does not significantly overlap with the

set of muscles used to move the natural arms. The coordinated control of four limbs

enables subjects to execute a tracking task faster than they would controlling single

limbs or couple of limbs separately, one after the other. Tracking error increases with

additional active joints, but consistent training leads to performance improvements

analogous to learning a new motor skill. Adding powered degrees of freedom to the

human body represents a new form of augmentation, capable of enabling the acqui-

sition of new motor skills and the execution of new classes of complex, coordinated

tasks.
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Chapter 3

Design

3.1 Overview of the robot

Today's wearable robots closely mimic the structure of the human body. Wearable

robots can be classified in exoskeletons, orthoses and prostheses [32]. Exoskeletons

are employed to augment the performance (strength, endurance, etc.) of their user,

orthoses restore or assist impaired motor functions, and prostheses replace missing

limbs. All of these systems are designed to follow the kinematic organization of

the human body, and to provide assistance to the natural joints. They focus on

supporting existing degrees of freedom, and do not increase the number of active

degrees of freedom available to the user.

We proposed a new kind of wearable robot that augments the user by provid-

ing additional robotic limbs. These extra limbs are independent from the natural

human body. Therefore, the number of active degrees of freedom available to the

user is increased, opening up new possibilities in terms of executing complex tasks

and optimizing assistance. Humans have already evolved to take advantage of the

simultaneous use of multiple limbs. We hypothesize that increasing the number of

limbs will enable users to perform new, coordinated tasks that would not be possible

- or would be significantly slower - using only the natural limbs. The increase in

functionality brought about by extra limbs can be intuitively understood by trying

to execute bimanual tasks (e.g. opening a bottle, carrying a large box) with only one
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arm. We discussed this in detail in the previous chapter.

Another advantage of using independent robotic limbs is that their motions are

not constrained to follow the motions of the user. This means that the robotic

limbs are free to optimize their configuration to provide the best possible assistance,

given the configuration of the user's body. Such optimal behavior is not available to

traditional wearable robots, because their kinematic configuration must always follow

the posture of the user joints to which they are attached. In Chapters 5, 6 and 7 we

will take advantage of the independence of the robotic limbs to provide optimal weight

support during static manufacturing tasks. In Chapter 8, the additional degrees of

freedom of the robotic system will be employed to stabilize and assist quasi-static

sitting/standing motions. In Chapter 9, the use of independent robotic limbs will

enable a new balance augmentation strategy for dynamic walking.

The concept of the wearable robot is shown in Figure 1. The system is named

Supernumerary Robotic Limbs (SRL) because of the new form of augmentation it

provides. The robot is worn at the hip, through a harness composed of a belt and

two leg straps. The base of the device follows the shape of the hip bone. The extra

limbs extend outwards from the sides of the base. The range of motion of the robot

is wide. For each robotic limbs, the workspace resembles a hemisphere centered on

its base and extending outwards. The robotic limbs are able to reach up (like human

arms), reach down (like human legs) and even reach areas that are outside of the

workspace of the human limbs (e.g. behind the user). Each robotic limbs has three

degrees of freedom (Figure 1). Two rotational degrees of freedom are located at the

base of the limb, where it is attached to the base of the robot. The third degree of

freedom is prismatic, and it is located axially in the limb itself.

In the following sections we will describe in detail the structure and the com-

ponents of the latest SRL prototype (Figure 2). The harness and the base of the

robot achieve a firm and comfortable fit with the human body, enabling the system

to provide assistance without getting in the way of the user. The rotational degrees

of freedom at the base of the robotic limbs have been realized with an innovative ball

joint structure, able to bear the weight of the user without any heavy, conventional
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Figure 3-1: Concept of the Superninnerarv Robotic Limbs (SRL), a wearable robot

that extends its users bodv xvith two additional robotic arns. A) Isometric view. B)

Front view. C) Back view.

iietal bearing or shaft. The prismatic joint in each hillb is actmated by a pneumatic

cvliinder. This solution enabled us to realize a conpliait, fast joint that is able to

coipensate for the whole weight of the user while keeping the systei extremely light.

Finally, we will describe the wide range of passive and active end effectors that have

beenii developed for the SRL.

The final prototype of the SR L. presented in this chapter. combines its assistive

capabilities with a small volume and weight (less than 3.5kg). This prototype has

been eiiiployed to perform the experiments shown in Chapter 8 of this document.

The other chapters show results obtained with earlier prototypes of the SRL, which

were significantly different implementation of the saie augmentation concept. In

particular, Chapter 4 describes the realization and use of the first SRL prototype.

The system had rotational elbow joints in both robotic hililbs. These joints were

actuated with series elastic actuators located in the base of the robot, and reaching the

elbow through Bowden cable transmissions. The main limit of this approach, besides

the overall weight, was the bulk and added stiffness of the Bowden cable sheaths.

Chapters 5 and 6 detail the design and control of the second SRL prototype, which was

equipped with elbow rotational joints, too. In this case. however., the Bowden cable

transmission was substituted by a timing belt transmission that linked the elbow with

an actuator in the base of the robotic limb. All of the actuators in this prototype were
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Figure 3-2: lain componeiits of the Supernumerary Robotic Limbs (SRL). A) Front
view. The robot is worn through a harness composed by a belt and two leg straps.

The two robotic limbs are attached to the base of the robot., which follows the shape

of' the human hip. B) Side view. Each robotic limb has three degrees of freedoi -
two rotational ones in the base and a prismatic one in the limb itself.

series elastic. The performance of the actuators was very high in terms of maximum

torque, sensing capabilities (position and torque) and built-in compliance. However.

the weight an( volune of the lprototype remained significant limitations. Chapters 7

and 9 re)ort the design and control details for the third SRL prototype. This system

realized a significant weight ad volume reduction, and greatly increased wearing

comfort. It employed lighter rotational actuators, an(l an optimized structure with

some composite components. The elbow joints were substituted with prismatic joints.

actuated by linear electric actuators. Despite these improvements, the mass of the

systen and its weight (listributionl were still uncomnfortable for users. Moreover, the

linear actuators were slow and non-backdrivable, making it difficult for the robot to

minimlize im)act while providing balamice assistance during dynamic walking. All of

the issues that have emerged in the develo)ment and testiig of the three previous

SRL prototypes have been addressed and solved in the fourth iteration of' the robot,

which is p-esented in this chapter.
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3.2 Harness and base

The SRL is worn through a custom-built harness, enabling the robot to provide

assistive forces in every direction. The harness is composed of two main parts: a belt

and two leg straps (Figure 3). The belt is particularly wide (50 mm), and secures

the robot to the hip of the user. The base of the robot follows the shape of the iliac

crest, the edge of the hip bone. Between the base of the robot and the user, a wide

(100 mm), thick (12.5mm) padding cushion ensures that the fit is comfortable. We

designed the robot to be worn at the hip for two main reasons. First, the hip bone

provides the most firm and comfortable physical interface between a rigid robot and

the human body. Second, locating the base of the additional limbs close to the center

of the human body allows them to reach the natural workspace of both arms and

legs. This extends the potential assistive capabilities of the robot to manipulation

and locomotion tasks. The second component of the harness are the leg straps. They

are worn around the thighs of the user, half-way between the knee and the hip joint.

These straps are connected to the belt with two additional straps, running vertically

to the base of the robot on the back side of the user (Figure 3). The vertical straps

and the thigh straps behave like a soft, wearable chair when the user bends his knees

and shifts his weight on the robotic limbs. They ensure that the robot can transmit

significant upward assistive forces to the wearer, maintaining comfort and without

sliding up. The leg straps are padded, in order to distribute the loads on an area as

wide as possible.

The harness is extremely simple to wear. There are only three buckles to secure

(one for the belt and two for the leg straps). The whole process of wearing the robot

takes only about 30 seconds, and can be carried out without any external assistance.

The simplicity of the harness of the SRL differentiates it from the complexity of state-

of-the-art exoskeletons (Figure 4). Exoskeletons are forced to employ numerous straps

because they provide direct assistance to human joints. For example, a wearable

system in parallel with a natural joint must have at least two straps (one proximal

and one distal) in order to transmit torque to that joint. The SRL, on the other
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human COM

robot COM

Figure 3-3: The SRL is worn through a custorm harness. Views of the harness: A)

front. B) side. and C) back. The harness is composed of a belt and two leg straps.

Both belt and straps are provided with an internal padding layer to distribute loads

oii a wider surface. D) The center of mass (COM) of the robot is located below the

human COM, in the direction of gravity. E) Back view of the SRL base worn by a

user.

hand, is independent from the kinematic structure of the human body. This allowed

us to reduce the size of the harness. eIploying only the minimum number of straps

needed to ensure that the robot can be comfortably worn and is able to support the

weight of the user. Another important feature of the harness is that it does not pult

any load on the upper part of the human body (torso., waist. shoulders, and arms).

There are no shoulder straps, and the robot is not in contact with the user above

its waist padding. This increases the comfort of the robot (it is tiring to bear loads

above the waist). and ensures that the system does not get in the way of the natural

imovemerints of the user. The width of the base of the robot and the length of the

straps (lan he adjusted to fit adult users of any body size within the 9.5th percentile.
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ReWalk Personal 6.0 ReWalk Rehab eLegs Indego SRL

Figure 3-4: The SRL can be worn in under 30 seconds. because it has only three
buckles to secure (one for the belt and two for the leg straps. A,BC1.D) Straps

and harness components required by state-of-the-art exoskeletons. Each hunian joint

needs at least a proximal and a distal strap in order to be assisted by a robotic system

in parallel with it. E) Harness of the SIL. The SRL is easier to wear. because its

limlbs are independent froim the human limbs.

,The center of mass (COM) of the robot is very close to the center of mass of the

human - their distance is about 0.15mi for adult males. This ensures that the added

metabolic cost due to carrying the weight of the robot is minimal 1131. Moreover, the

mass (listribution of the robot is balanced in the sagittal plane. In other words. the

COM\ of the system is located below the COM\ of the human, in the direction of gravity.

This ensures that the user does not need to generate any torque to compensate for

a misalignment of the miass of the system. For example, when wearing a backpack

the opposite is true: the wearer needs to generate a compensation torque with his

shoulders, because the COI of the backpack is located far behind his back. The

alignment of robot COM)\ and human COM also means that, when standing at rest,

the user discharges the weight of the robot to the ground through his leg bones,

without requiring additiomial muscular contractions.

Besides providing the physical interface betweeli the robot and the hunan. the

base of the system also contains the control electronics that regulate the motion of
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the actuators. This is accomplished through two boards that run low-level control

loops in real time and receive reference commands from a remote computer. Control

commands, power and pressurized air arrived to the robot through a tether that

plugs in the back side of its base. It is possible to make the robot tetherless by

adding onboard processing capabilities, batteries and a compressed air canister. The

rotational joints of the robotic limbs are attached to the base of the robot at its two

sides, and will be described in detail in the next section.

Lightweight was an essential requirement for the SRL, and one of the main drivers

in the development of its prototypes. The current SRL system, presented in this chap-

ter, has a mass of 3.5kg. Developing such a light wearable robot while maintaining

the capability to bear the full weight of the human user (100kg is the average weight

of adult men in the 95th percentile) was a significant technological challenge. This

target was met by developing innovative design solutions and choosing unconventional

actuation technologies (detailed in the following sections). Another important factor

in the reduction of the weight of the SRL was the extensive use of custom composite

parts. The majority of the structure of the robot is realized in carbon fiber and Kevlar

composite parts, with a nylon filler (Figure 5). The rapid manufacturing of custom

parts realized with composed materials was enabled by MarkForged, an MIT startup

that developed a proprietary 3D printing technology for composite materials 1531.

This manufacturing technique allowed us to realize composite parts that are able to

bear the full weight of the human user with a 75% in weight with respect to analogous

Aluminum parts. Additionally, MarkForged's 3D printing technology allowed us to

quickly produce complex composite parts. These shapes could not have been easily

realized in Aluminum using traditional subtractive manufacturing techniques.

3.3 Spherical load-bearing joints

The kinematic structure of the joint at the base of each robotic limb consists of two

rotational degrees of freedom (Figure 6). The first rotation of the limb is within

the sagittal plane, and is analogous to the flexion/extension movement of the human
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Figure 3-5: The structure of the SRL is realized with composite materials, printed

using MarkForged's technology. A) Side view of the SRL base. The hevlar parts

(yellow) and carbon fiber parts (black) can be identified froim their color. B) Detail

of a Kevlar part (with nvlon filler) in the SRL base. C) Detail of a carbon fiber part

(with nylon filler) in the ball joint of the SRL.

shoulder. The second rotation is perpendicular to the first one., and is similar to

the adduction, abductioli inovelient of the humiian shoulder. If the robot is employed

for assistance during locomotion (Chapters 8 and 9). the robotic linbs are always

pointing dowvards - their goal is to make contact with the ground in order to

provide support to the user. Ini this case, the required range for the first rotational

joint is -60 (leg < 01 < 60 (leg. and the required range for the second rotational joint

is 0 (leg < 02 < 45 deg (the liiit is 45 deg for the left robotic limb, and -45 (leg for

the right one., see Figure 6). The two joint angles 01 and 0 are zero when the robotic

limbs are pointing downwards., aligned with the direction of gravity.

Besides this range of miotion, there are numerous additional requirements for the

base joint of' the robotic limbs. The joint imust be able to bear half of the weight

of an adult user (this value is 50 kg for the 80th percentile), so that both robotic

liimlbs together can fully support the human body. Moreover, the rotational degrees

of freedom should be able to iove at a speed compatible with the natural walking

gait. When walking, lumians call easily reach a stepping frequency of 1 Hz 114, 7, 731.

This implies that the sagittal plane rotational joints 01 for both robotic legs must

be able to cover their whole range (120 deg) twice in 1 s, Yielding a desired speed of

at least 240 deg s for the rotational actuators. The motors actuating the base joiit

should also be lightweight, as the rest of the robot. For actuators, this translates
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Figure 3-6: Design of the ball and socket joint at the base of the robotic limbs. A)
Location of t he ball and socket joint. B) Concept of the joint. shl()wiNlg the intersection
of the axes of the rotational actuators and of the axis of the robotic limb. C) Concept
of, the joint, showing the angle conventions aid the position and structure of the

socket that absorbs the axial forces coming from the robotic limb.

into the requiremient of a high torque density. which is usually achieved with umotors

eiploving significant gear ratios. Such actuators usually are non-backdrivable, which

is not desirable for exoskeletons an1d robots that are worn in parallel with the human

body. However. the independence of the SRL means that its limis do not constrain the

natural motions of the humian limbs. and( can therefore afford to be non-backdrivable

without reducing the comfort of the user. The only joint of the SRL that needs to be

compliant is the prismatic one., as will be explained in detail in the next section. In

order to naturally coor(hiate with the notion of the humaii legs and to coifortably

support the weight of the user. the iase joints of the SRL need to be aligned with

the hip joints of the wearer (Figure 6). Additional requirements for this joint are

the proximity to the lumman hip aid a small overall joint volume, so that the robotic

limlbs do not get ill the way of the uatural swinging motion of the user's arms.

II the hunian body, the joints at the base of the limbs are of the ball and socket

type (shoulder ad hip). Im the SRL. we reproduce this kinematic configuration by

having the axes of the two rotationmal actuators intersect in a single point (Figure

6). The axis of the robotic limb passes through the same point, too (Figures 6 amid

7). As a consequence, axial forces coming through the robotic limbml) do not generate

torques in the rotational joints at its base. The fact that ground reaction forces

that are iimostly directed along the axis of the robotic limb is a consequence of' the
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design of the linbs and their eid effectors (see following sections). and of the control

algorithmiis that optimize their use (see Chapters 5, 6 and 7). Since the structure of

the ball joint caii absorb these linear forces without requiring the rotational motors

to generate torques, we are able to select smaller actuators for this joint. Ile two

degrees of feedoii of the ball joint are actuated by two Hitec SGT-1000 servoimot ors

(weight: 363 g, max torque: lONmn, max speed: 350 deg s). These actuators have the

highest torque density aiong cominercially available servomotors, and a mass amd

maximunm speed that are compatible with our requirements. Their inaximun 1 torque

is lower than the one that the human li) joint can exert 1291. However, this torque is

enough for the SRL, because the structure of its ball and socket joint absorbs most of

the forces coming froiii the robotic limbs. Theref'ore. the servomotors are only used

to iove the robotic lilbs (when they are not in contact with the ground) and to

compensate for disturbances (when they are in contact with the ground).

Figure 3-7: Implementation of the ball and socket joint at the base of the robotic

limbs. A) Scheme showing that forces oriented as the axis of the robotic limb pass

through the center of the ball joint and are absorbed by the socket, without originating

torques on the servomotors. B) Design of the ball and socket joint, optimized for the

composite 3D priliting process. C) Implementation of the composite ball and socket

joilit.

Another important feature of the ball joints of the SRL is that they are actuated

by commnercially available servomotors. In the huiman body. ball and socket joints are

controlled by a comiplex set of muscles that are activated in different combinations

according to the desired movement and the current position of the limb. Replicating

this architecture in the SRL would have required the use of multiple linear actuators,

pulling and pushing on the robotic limb through a sYstemi of cables or rods. Such
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a system would be extremely nonlinear and difficult to design, manufacture, main-

tain and control. On the contrary, the SRL ball joint design enables two standard

rotational actuator to easily control the motions of the robotic limbs (Figures 6 and

7). The first actuator (colored in purple in Figure 6) is stationary - fixed to the base

of the robot. The second actuator (colored in light blue in Figure 6) is attached to

the output of the first actuator through a bracket. Finally, the output of the second

actuator is attached to the ball at the base of the robotic limb. This configuration

enables the two servomotors to directly control both rotations of the joint. It requires

only two moving parts (the bracket and the ball), and it is easy to assemble and

maintain.

The main advantage of this ball joint is that its structure bears the large axial

forces coming from the robotic limb, allowing the robot to support the weight of

the user without overloading the output shafts of its small servomotors. This is

accomplished through a custom socket (shown in black in Figure 6). The socket

wraps around the ball at the base of the robotic limb, and is carved to allow both

the input shaft (coming from the second servomotor) and the output cylinder (where

the limb is attached) to move within their full range. The axial forces borne by the

robotic limbs are directly transmitted from the ball to the socket. The servomotors do

not have any load bearing function. In this configuration, the 3D printed composite

ball and socket system (realized in carbon fiber, Kevlar and nylon) replaces the much

heavier and bulkier set of bearings and metal shafts that would have been used in a

conventional design.

As a consequence of the design choices detailed in this section, the ball and socket

joint employed in the SRL is extremely lightweight and compact. It also enables the

use of small servomotors, because its structure absorbs most of the forces coming

from the robotic limbs. It is easy to manufacture, assemble and maintain, and its

composite materials make it particularly suitable to bear the loads and impact forces

associated with human walking. Figure 7 shows the implementation of the ball joint

in the SRL prototype. Besides the actuators and the bolts, there no metal parts in

the lightweight composite structure.
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3.4 Pneumatic legs

In order to be able to assist the user during locomotion and compensate for its weight,

the robotic limbs must satisfy several requirements. First, their prismatic joints must

be able to exert enough force to bear the full weight of the user (max force: 500 N

for each robotic limb). Moreover, the range and speed of the extension and retrac-

tion movements of the prismatic joints must be compatible with the most common

locomotion modes of adult humans. In order to clear the ground during walking and

to follow the user during sitting/standing (see Chapters 8 and 9), the prismatic joint

needs a range of 0.3m and a maximum speed of at least 0.5 m/s. The weight and

mass distribution of the robotic limbs are essential, too. The target weight for the

whole limb assembly is 0.75 kg, and its center of mass should be as close as possible

to its base in order to minimize the moment of inertia.

The actuation solutions most commonly adopted for linear motions in robotic

systems have limitations that prevent them from being employed in the SRL. Linear

electric actuators require extremely high gear ratios to generate enough support forces

and maintain a light weight. This makes them too slow to effectively assist a human

user during normal locomotion activities. For example, a typical high-performance

linear motor (model: FA-05-12-18; manufacturer: Firgelli, USA) can provide enough

force and range of motion, but has a maximum speed of only 0.02 m/s and an excessive

weight (1.7 kg). Additionally, the high gear ratio of the ball screw transmission makes

the actuator non-backdrivable. As a consequence, when the robotic limbs contact the

ground the impact force is directly transmitted to the hip of the user through the

rigid structure of the actuator. Therefore, compliant linear actuators are necessary

to ensure the comfort of the user when providing walking assistance. Other common

solutions such as hydraulic actuators are not suitable for the SRL, because they

require pressurized oil lines and noisy, heavy pumps that would exceed the weight and

volume requirements of the robot. Substituting the prismatic joint with a rotational

elbow joint actuated by an electric motor is not feasible, because when the elbow is

significantly flexed the torque required to bear the user's weight vastly exceeds the
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capabilities of standard lightweight servomotors (see Chapter 5).

Choosing a, pneumatic cylinder to actuate the prismatic joint of the robotic limbs

allowed us to meet all of the above mentioned requirements. The custom cylinder

(manufacturer: Numatics, USA) is realized in aluminum and steel, and has an internal

diameter of 25mm and a stroke of 0.3m (Figure 8). With a pressure of 10 bar, it is

able to generate the required force and to move at the target speed. The mass of

the cylinder is 0.306 kg. For testing purposes we used an external pressurized air

source to power the pneumatic actuators. However, the cylinders could be easily

made tetherless by providing the robot with a compressed air canister.

A

ring connecting rod
with inner tube

bT e tinner carbon end
fiber tube effector

pneumatic rod of
carbon fiber tube clinder pneumatic

cylinder
ring connecting

cylinder with tube

B

Figure 3-8: Structure of a robotic limb. A) Components of the robotic limb, displayed
through a section view. B) Pneumatic cylinder actuating the prismatic degree of

freedomn.

The structure of the robotic leg is outlined in Figure 8. The pneumatic cylinder

is placed inside a carbon fiber tube. The rod of the cylinder is fixed to a second

carbon fiber tube, sliding inside the first one. This way, the external tube acts both

as a structural element for the limb, and as a, linear guide for the prismatic joint..

Two slots at the side of the outer tube ensure that the output tube cannot rotate

about the axis of the limib. The screws securing the output tube to the rod of the

cylinder slide inside the slots, preventing any rotation. The extension and retraction

mioveients of the pneumatic cylinder are controlled with a 5/3 valve (manufacturer:
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Festo). The valve is fixed to the outer side of the larger carbon tube, weighs only 0.2

kg and requires a single input pressure line. Finally, the end effector of the robot is

bolted at the end of the output carbon tube. The weight of the complete leg assembly

is 0.670g, and its center of mass is located less than 0.2 m away from the center of

the ball joint.

The robotic limb is equipped with a magnetic potentiometer sensor, which mea-

sures the position of the output tube along the stroke of the joint. This sensor is

robust to misalignment, vibration and impacts, and its light weight makes it an ideal

choice for the SRL. We also tested a compliant force sensor mounted between the

output carbon tube and the end effector. The sensor (model: OMD-30-FE-450N,

manufacturer: Optoforce) is realized in polyurethane and has a 200% overload toler-

ance, making it suitable to resist to the impacts that characterize human locomotion

[15]. These impacts would easily break conventional, rigid load cells.

We developed a control algorithm that employs the 5/3 pneumatic valve to regu-

late the position of the cylinder. The algorithm is described more in detail in Chapter

8. For now, it suffices to specify that the valve does not have pressure regulation. It

can only operate in one of three states: in the default configuration, the output rod

is locked in place and the cylinder behaves like a spring-damper. When opening the

valve on one side of the cylinder, the rod extends. When opening the other valve, the

rod retracts. When one of the two valves is open, the other discharges the compressed

air in the atmosphere, through a silencer. The operation noise of the robot is very

quiet if a compressed air canister is used to power the cylinders. The control algo-

rithm for the position of the linear degree of freedom first checks the current location

of the output, and compares it with the desired position. It then checks on a lookup

table what the desired opening time for the corresponding valve is. The valve open-

ing time required to achieve a particular displacement is a function of the pressure

inside the cylinder, and of the location of the output rod along within its range. We

recorded these values with extensive experiments (see Chapter 8), and interpolate the

valve commands starting from the measured values. Once the algorithm determines

which valve has to open and for how long, it sends the command. After the valve has
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executed the commands, the algorithm repeats the cycle. The sampling frequency

of the control loop is variable, because the algorithm is repeated after the (variable)

valve opening time has passed. The minimum sampling frequency, however, is 50 Hz.

This algorithm is able to track the desired position with an accuracy of about 5

mm, which is enough for locomotion tasks (Chapter 8).

In conclusion, the choice of a pneumatic actuation system for the prismatic joint

enabled us to realize a robotic limb which is lightweight, strong and fast. Its built-in

physical compliance - the cylinder behaves like a spring-damper - allows the robot to

avoid large impacts when contacting the ground, and increases the comfort of the user.

Moreover, the standard locked configuration of the pneumatic valve does not consume

any energy. This means that the robotic limb is able to efficiently compensate for a

constant force, increasing the system's autonomy when running on a limited supply

of compressed air.

3.5 End effectors

The end effectors of the SRL are mounted on the carbon tube actuated by the output

of the pneumatic cylinder (Figures 8 and 9). The end effector is the most distal part

of the wearable robot, and therefore it is essential to minimize its mass in order to

limit the metabolic cost of wearing the robot [13]. This component of the system

must also be small, in order not to interfere with the natural movements of the user

as the robotic limbs provide assistance. Since the SRL is used in many tasks - from

locomotion to heavy industry - that require the robot to bear significant loads, its

end effectors should be able to withstand large forces and periodic impacts. As we

will see in the rest of this section, achieving these goals while respecting our tight

weight constraints often requires the use of underactuated or passive mechanisms.

The end effector used for locomotion tasks (Figure 9) is a typical example of this

simplification. It is composed of a passive rubber joint, connected with a triangular

base that makes contact with the ground. The presence of the passive joint allows

the end effector to adapt to any inclination of the ground when pressed against it.
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Figure 3-9: End effectors developed for the SRL. A) The SRL provides assistance

to the user during sitting standing motions. The end effectors adapts to the ground

and makes full contact with it thanks to the deformation of its passive rubber joint.

BE) Passive end effector employed in locomotion tasks. suck as waking and sit-

ting standing assistance. C) Passive hooks used to secure the SRL to scaffolds or

truss structures. F) End effector composed of an electromagnet and a powered xvrist

with one actuated degree of freedom. D,GH) Task-specific end effectors developed

for assisting aircraft manufacturing workers (power drill support. vacuumi cleaner,
(trill bit support).

At the saiie time. the absence of active motors reduces the weight of this component

to the miniiuim (less than 100g). The base of the end effector is triangular in order

to extend the surface of contact with the ground. while maintaining a smnall overall

volume. Additionally. three rubber cylinders located at the corners of the triangular

base increase friction with the ground and limit the risk of slipping.

Other types of end effectors can be designed iII order to secure the robotic limb

to the environment. This is useful when the robot stabilizes the user when executing

complex tasks, provides assistive forces to avoid fatigue, or increases safety by anchor-

ing the human to a structure (Chapters 4, 5. 6 and 7). Some designs and prototypes

of these end effectors are displayed in Figure 9. The simplest models consist of passive

hooks, designed in shapes that adapt to the kind of support offered by a, particular

eivironiment. For example, semi-circular hooks are easily anchored to scaffolds and

truss structures. When the environment does not offer obvious attachment features

but is made of ferromagnetic material, an electromagnet represents a good end ef-
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fector solution for the SRL. Electromagnets can quickly generate significant contact

forces, but they must be approximately aligned with the surface where the robots

is making contact. For this reason, it is useful to add at least one active degree of

freedom to the wrist of the robotic limb. If the surface where the robot must attach

its end effector is not ferromagnetic, a vacuum gripper could be used as a simple

general-purpose solution.

Finally, specific end effectors can be developed to execute particular tasks. This

is common in the manufacturing environment, where workers need robotic assistance

while using specialized tools or performing specific actions (Chapter 6). Figure 9

shows some end effectors that have been designed to provide assistance during aircraft

manufacturing. The drill bit guide provide support during a drilling task, and helps

a worker locate and maintain the correct drilling position (Chapter 6). The power

drill support compensates for the weight of the heavy tool, and the vacuum cleaner

helps the worker by automatically removing dangerous dust and drilling chips when

operating on composite materials.
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Chapter 4

State Estimation

4.1 Introduction

In this chapter, we present the mechanical design of the first prototype of the Super-

numerary Robotic Limbs (SRL). This system is characterized by the use of rotational

elbow joints in the robotic limbs. These joints are actuated through a bowden cable

transmission, connecting them with series elastic actuators located in the backpack

structure of the device. This solution allows us to reduce the mass and the moment

of inertia of the robotic limbs, while still using actuators with significant maximum

torque specifications.

We then introduce the aircraft manufacturing scenario, an area of application

where extra robotic limbs could bring significant benefits to human workers, reducing

their fatigue and increasing their precision. In order to provide these assistive capabil-

ities, the SRL must accurately estimate the state of the human, despite the presence

of several user-induced disturbances. In the following sections, we will model the dy-

namics of the human-robot system and develop a Kalman filter approach to estimate

the state of the SRL despite the involuntary weareraA2s motion, and a method for

improving the accuracy and stabilizing the human body and the SRL. This technique

- named the "bracing strategy" - will be a central theme of this thesis.
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4.2 Using additional limbs to assist aircraft assembly

tasks

Aircraft assembly is a complex process, requiring both highly skilled human workers

and specialized automatic machines. As aircraft technology advances and market de-

mand increases, enhancing the productivity and the quality standards of this skilled

labor force becomes central for the industry's success. The work reported in this

chapter was motivated by the need for assisting human workers in aircraft manufac-

turing.

Aircraft assembly personnel is challenged by several factors: (1) the continuous

aging of the workforce, (2) the increasing complexity of assembly tasks, and (3) the

fatiguing nature of many operations. This industry sector has been characterized by

a particularly sharp increase in the age of its employees, even in the context of an

overall aging workforce 158]. Moreover, productivity is limited by several assembly

operations requiring the coordination of multiple workers. In these cases a single

worker executes the main task (such as fastening a heavy part), with one or more

colleagues acting as assistants (simply lifting the part). Therefore, multiple qualified

workers must execute trivial or repetitive actions instead of making use of their trained

skills. Another limiting factor is represented by fatiguing or dangerous situations.

Among manufacturing workers, overexertion represents the most common nonfatal

injury, accounting for 23% of the total injuries [12].

Industrial robots could be used to address these problems. Machines can easily

execute repetitive or heavy tasks, and are not affected by fatigue or comfort issues. In

addition, they are characterized by high positioning accuracy and high productivity.

On the other hand, robots can hardly replicate human workers' adaptability to un-

foreseen situations, or capacity to quickly learn and execute new tasks. Workers are

also able to move in the tight spaces within the hull of an aircraft under construction,

and can flexibly modify their work plans depending on the particular situation. It

is thus apparent that machines and humans possess two unique and complementary

skill sets, both essential to the efficient execution of aircraft assembly operations. The
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Figure 4-1: The initial Supermierary Robotic Limbs (SRL) prototypes. A) First
)r()toty)e. B) Concept of the second prototYpe.

solution that we propose is to provide the luinan workers with additional robot-like

skills. bly ineans of wearable ro)otic limbs.

Figure 1 illustrates the basic design concept of Supernumerary Robotic Limbs

(SRL). The SRL have three main characteristics: they are wearable, independent,

and multi-functional. Being wearable allows the robotic limbs to closely assist the

worker at all times. They perfoirim tasks together with the user, becoming almost

an extension of' the human body. Unlike an exoskeleton. which is attached directly

to the human limbs. SRL is separated fromi the human limbs and thereby can take

aim arbitrary posture to best, assist the wearer. Finally. the SRL can play multiple

5 7
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roles, becoming extra legs as well as extra arms for supporting the human body and

assisting in a manipulative task. They can exploit their large workspace to perform

every action that is required to assist the user. Furthermore, they can also make use

of interchangeable end effectors.

The SRL also presents several unique challenges. Unlike conventional robotic

manipulators, it does not stand on a fixed base. And, unlike mobile robots, the

movements of its base are not fully controllable or predictable. The SRL is worn by a

human user who makes spontaneous movements and interacts with the environment.

In consequence, the SRL is continuously disturbed by the human motion and interac-

tions with the environment. This means that the robotic system must be capable of

compensating for unpredictable disturbances. It is required to estimate its own state

and attenuate the disturbances, providing the wearer with robot-like accuracy.

4.3 Robot design: the first SRL prototype

In this chapter, we present the first prototype of the SRL. The robotic system, con-

sisting of a pair of robotic arms attached to a base unit, is worn with a backpack-like

harness. The SRL base contains all the actuators and the main electronic compo-

nents, and is located at the lower back, fixed to the iliac crest - the thick hip bone that

provides the most stable base for the wearable robot. The robotic arms are attached

to the SRL base at the level of the human hip, in order to maximize their workspace.

They can interact with the environment in front and behind the wearer, and also

reach the ground. The robot's weight is borne between the shoulder harness and the

waist belt sitting on the iliac crest. The robot loads mainly the wearer's legs, without

burdening the arms or the back [181. Power is provided through a cable connected to

the robot base. The tether is not a limitation in aircraft manufacturing, since workers

usually operate tethered powered tools. The specifications of the robotic limbs have

been inspired by the properties of the human arms in terms of torque, weight and

joint series elasticity [491.

The robot has 6 degrees of freedom, 3 for each robotic arm - two in the shoulder
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and one in the elbow. The shoulder flexion joint (range: 360 deg max torque: 69 Nm)

is the most powerful and provides the torque necessary to lift objects in front of the

user. The shoulder abduction and elbow flexion joints have identical specifications

(range: 180 deg max torque: 39 Nm). The elbow actuator is placed in the SRL

base, and its torque is transmitted to the joint via a cable system. This yields a

significant reduction of the robotic arms mass and inertia [80]. Each axis is powered

by a brushless DC pancake motor through a Harmonic Drive gearbox (1:50) and a

series viscoelastic element (stiffness: 153 Nm/rad). The series elasticity at the drive

train allows to a) decouple the load from the motor, b) robustly estimate the joint

torque (measuring the spring deflection), and c) guarantee impact energy limits for

the safety of the wearer [8]. The use of polyurethane (shear modulus: 0.003 GPa,

elongation at break: 590%) allowed the realization of elastic elements smaller and

lighter than conventional steel springs [18]. The behavior of viscoelastic materials

can be effectively modeled and identified, enabling accurate force control [65].

4.4 Dynamic models

4.4.1 Equations of Motion of the Wearable Robotic System

The SRLs are worn by a human worker and thereby disturbed by involuntary move-

ments of the wearer as well as by physical interactions with the environment. This

section aims to analyze the dynamics of the human-SRL system, including a human

model generating disturbances.

The reference scenario for this chapter is that a human worker standing in front

of an aircraft fuselage, where some assembly operations requiring high accuracy must

be completed. The worker is standing still, facing the hull, with the feet in contact

with the ground. The worker is wearing the SRL, whose goal is to enhance the

precision of the user. To achieve this goal, the wearable robot makes contact with the

environment - in an aircraft assembly scenario, this could be achieved by grasping a

structural beam - in order to attenuate the human-induced disturbances and improve
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Figure 4-2: Dynamic model representing the user-SRL system.

the accuracy of state estimation. This is referred to as "bracing" of the human

body with the SRL. When writing, humans often brace their hand on the desk to

better position the pen. When taking a picture, photographers support their body

by contacting the environment, or using a tripod. The SRLs can be used for bracing

the wearer's body.

In order to create a complete but analytically tractable dynamic model of the ref-

erence scenario, it is necessary to make two main simplifying assumptions. First, the

human-SRL system will be studied in 2D, considering the sagittal plane (see Figure

2). Although assembly operations require 3D actions, movements in the sagittal plane

capture important aspects of the class of tasks considered in aircraft manufacturing.
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The worker must often operate in very low or high segments of the fuselage (i.e. ex-

tending and contracting the body within the sagittal plane), which is ergonomically

challenging. It is also difficult to perform an accurate task when working in uncom-

fortable postures. Furthermore, the human postural sway, which represents the major

source of human involuntary disturbances, is more marked in the anterior/posterior

direction (i.e. within the sagittal plane) 1841.

The second assumption simplifies the modeling of the human legs and of the robot

attachment to the human body. Instead of describing in detail the multi-dof dynamics

of the legs and the deformable attachment mechanism, we lump their effects together

about the hip equilibrium point with a three axis spring-damper system (two for

x and y movements and the third one for rotation of the rigid robot base). For a

single robotic limb attached to the human, the resulting model consists of three rigid

bodies: two arm links and the base suspended by the three-axis spring-dampers, as

shown in Figure 2. The model can be extended to describe a human arm. In this

case, the values of the spring-dampers at the base will change to represent the human

kinematic chain up to the shoulders.

The model has 5 generalized coordinates (dl, dy, dt3, V1, V 2 ). The inputs are

the motor torques (TI, T2 ), the external forces at the end effector (Fe,x, Fe,,y and T)

and the human-induced disturbance force and moment at the robot base (Fb,x and

rb). Considering relatively slow movements, the Coriolis and centrifugal terms can be

ignored and the equations of motion can be linearized as:

s adt A d P Ad ATb

Ady Ady zAdy T

[MT] Ad~ + [BT] Ad~ + [KT] Ado [PT] /.T2  (4.1)

A'0 ig iA9 F,

_A192A792AFe,y
AT,

The constant matrices MT, BT, KT and PT are reported in Appendix A. Among
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the system inputs, only T1 and T2 are actuated. The other inputs are exogenous

disturbances.

When the robotic arm grasps a solid structure in order to assist the user with

the bracing strategy, the system loses two degrees of freedom. The end effector of

the robot is not free to move anymore, and the whole robotic arm is hinged to the

wrist (see Figure 2, insert). The linearized equation of motion of the bracing SRL

(generalized coordinates: d2, V1, 'd2) are as follows

AdoAdag AdalAT
[MB] 1 + [B]IA + [KB] A791 [PB] AT 2  (4.2)

A'0 2 J K.2  A792 IAFb,x

The constant matrices MB, BB, KB and PB are omitted for brevity. This system is

still disturbed by the human-induced forces Fb,x and Tb, but is not influenced anymore

by the end effector forces (which are now ground reaction forces).

4.4.2 Human Disturbances Model

The SRL are worn by a human user, and their control strategies must therefore take

into account the disturbances caused by involuntary human motions. When the user

is standing still during the execution of an assembly task, these motions usually belong

to two general groups: postural sway and physiological tremor [35]. Postural sway

designates the center-of-mass oscillations resulting from the neuromuscular control

of balance in quiet standing. An upright human can be modeled as an inverted

pendulum. In order to keep this unstable standing position, the neuromuscular system

exerts a restoring force which can be modeled as a spring, resulting in approximately

undamped oscillations in the anterior/posterior direction [84]. This translational

motion also produces an angular oscillation of the trunk. Therefore, the human-

induced disturbances acting on the SRL base can be modeled as
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AFbx AFS (4.3)
'L Tb = zWS. Tb

where ws is the sway frequency about which the expressions have been linearized.

The sway frequency can be obtained from the literature [841, and is generally around

0.5 Hz. Incorporating the above human disturbance dynamics into the equations

of motion yields an augmented state space system, which we will use for dynamic

analysis.

Physiological tremor is a rapid, involuntary oscillatory movement of a body part

with frequencies ranging from 10 to 15 Hz [56]. It characterizes all individuals and

is caused by a variety of factors, ranging from central and peripheral nervous system

activities to heart beat [5]. Tremor has been extensively studied for the development

of surgical robots capable of rejecting user-generated disturbances [76]. Physiological

tremor oscillations are smaller than postural sway, with a rms amplitude of 30 Pm.

It is thus possible to model tremor as white process noise acting on the three degrees

of freedom of the SRL base.

4.5 Kalman filtering

The dynamic model developed above will be used for constructing a Kalman filter

for estimating the state of the human-SRL system disturbed by the human and the

environment. It will be shown that the state estimation accuracy depends on the

SRL posture and that it can be significantly improved with bracing. We initially

consider the state-space model describing the SRL when it is not making contact with

the environment (Eq. 4.1). At the beginning of our analysis, the human-induced

disturbances will be modeled as process noise, and the forces at the end effector

will not be considered. The basic model will then be augmented to include the

state equations of the external forces causing postural sway (Eq. 4.3), so that the

disturbances can be estimated in real time.
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4.5.1 Basic model of SRL and human-induced disturbances

The fundamental dynamics of the human-SRL system are described by the linearized

equations of motion (Eq. 4.1), neglecting the external forces at the end effector and at

the base. The state vector has dimension 10, and is composed by the generalized coor-

dinates and their time derivatives: x = [Adx, Adx, Adv, Ady, Ada, Ada, A,01, 2, 'A2]T.

The system has two inputs (Ti, T2 ) and is controllable. Appendix B details the values

of the constant parameters (the damping coefficient is set to 0.5, and originates from

both the human soft tissues and the deformable backpack harness). The conversion

of the system matrices from continuous-time to discrete-time allows the application

of the discrete Kalman filter:

xt+1 =Atx + Btxt + Gtwt (4.4)

yt =Htxt + vt

wt and vt represent the process and measurement noises (zero-mean, white and

uncorrelated, with covariance matrices Qt and Rt respectively).

With this first basic system we do not intend to estimate the human-induced

disturbance forces; instead we treat them as process noise. The noise characteristics

may be obtained from published studies of involuntary human sway motion [84].

The typical values for the amplitude of the postural sway oscillations are denoted

by nxnom, ny,nom, nr,nom. These oscillations affect the SRL base movement (Adx,

Ady, Ad and their derivatives). See Appendix B and [84]. We also take in account

the variation of the postural sway oscillations as a function of the SRL base stiffness

kx, ky and k,9. These parameters have nominal values of kx,nom, ky,nom and kd,nom

(reported in Appendix B), but their values can be significantly increased when the

human body is braced (see Section V). As the base stiffness increase, the human hip

is more constrained and its oscillations decrease in amplitude, following the relations

nx kx,nom/kx nx,nom

ny ky,nom/k- ny,nom (4.5)

n. ko,nom/kg -no,nom
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where the amplitude of the oscillations varies linearly with the base stiffness. The

process noise on the SRL base velocity is derived from the conservation of energy in

an undamped oscillator ( kin?/2 mhV?/2 ). The resulting equations are

vy = k/mh ny (4.6)

v7J [k /Ja no

where mh and Jh are the mass of the human-SRL system and its inertia about the

ankle (see Appendix B). Note that the process noise position and velocity amplitudes

decrease if the stiffness parameters increase.

The process noise on the states representing the motion of the robotic arm

a3x1, A 1 0 -A 2) originates from the geometric tolerances of the manufacturing pro-

cess, also reported in Appendix B. Process noise on these states is not influenced by

the stiffness parameters. Assuming that all the extra-diagonal terms are null, matrix

Qt can be written as

Qt = diag(nx , o , n , I Y, n , Oj,,2 2 2 2 f
2 or2 or2 2 (4.7)

The diagonal elements are the variances of the process noise on the system states,

which we conservatively assume to be equal to the squares of the amplitudes identified

above. Matrix Gt, connecting the process noise on each state with the state equations,

is equal to matrix At.

4.5.2 Effect of sensors choice on state estimation

The robotic limbs are equipped with quadrature encoders at the load side of every

joint. A compact dual-camera motion capture system measures the position of the

robot end effector. Additionally, the SRL base motion can be monitored with an

inertial measurement unit (IMU) containing a 3-axis gyroscope and accelerometer,
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which is capable of measuring absolute angular position and velocity (for the accuracy

of the sensors, see Appendix B). Two different sensor sets can be considered. Set A

uses only the encoders and the motion capture system:

Adi - Ad,9 : encoder

A A92 - A91 : encoder (4.8)
Xend : motion capture

LYend :motion capture _

Conversely, set B uses encoders, motion capture system, and IMU:

Adi - Ad0  : encoder

IA2 - AVi : encoder

Ad0  : IMU angle
YB = (4.9)

Ad0  : IMU velocity

Xend : motion capture

Yend : motion capture

The linearized measurement matrices CA and CB corresponding to the two sen-

sor sets are given in Appendix A. The measurement noise covariance matrix Rt is

characterized by diagonal elements equal to the square of the accuracy of each sensor

(a conservative estimate of the sensor noise variance). The off-diagonal elements are

null.

The system is theoretically observable for both sensor sets A and B. In theory it is

observable without the IMU. However, it is useful to quantify the difference between

the two sensor configurations. A more informative evaluation of the observability

can be performed by analyzing the evolution of the error covariance matrix Pt. The

Kalman filter allows an off-line computation of the convergence of matrix Pt, which

can be used to identify the optimal sensor set. Figure 3 shows the evolution of the

diagonal elements of Pt, representing the a posteriori state estimation error variance

for each state. It is evident that the error variance of Ad0 converges too slowly if the

IMU is not used. Employing the full sensor set is therefore necessary to guarantee
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the observability of the system in practice.

4.5.3 Effect of robot configuration on state estimation

When the robotic limbl)s lll()ve in their workspace, the systen dynaImics and the accu-

racy of'state estimation vary as a function of the robot configuration. it is important

to identify the areas of the workspace where the robot is most (or least) accurate,

in order to evaluate if the assenmbly tasks accuracy requirements are met. It is well

known that the trace of the covariance matrix P provides the mean squared error of

a posteriori state estimation. Therefore. evaluating trucc(P,) in every point of the

workspace after a fixed number of iterations (100) provides a measure of the quality

of state estimation correspolding to every robot configuration (Figure 4). The lower

tracc(P1 ), the sialler the state estimation error. Fromi the estimation accuracy miap

in Figure 4, it can be observed that the quality of state estimmation is worse inm front

sensor set A (no IMU)
12 -

Ald
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E 9 \ ....... A Id

E9
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o 4'- sensor set B(fuI)
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Figure 4-3: Sensor choice, 1)ased cmi error covariance. Ab~ove: semisor set A (without
1 1). Below: sensor set B (encoders, IMU, imotiol cal)tre)
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Figure 4-4: Mean squared error of a posteriori state estimation in the workspace of

the SR L arm. The red ellipse represents the estiniation error covariance of the end

effector velocity in the configuration where the SRL is least accurate (red robotic

arm). The bhle ellipse represents the same error covariance, but in the configuration

where the SRL is most accurate (blue robotic arin).

of the user. where it is needed the most for assembly operations. In order to improve

accuracy. the bracing strategy is considered next.

4.5.4 Effect of bracing on state estimation

Securing its base to the fuselage wall. the SRL can significantly increase the stiffness

with which it is suspended. Extending forward one robotic arm and grasping the

structure of the aircraft will limit the SRL base motions in the horizontal direction.

increasing stiffness k,. Wke now consider the effects that this stiffness variation pro-

duces on state estimation error. Once again, the value of tracc(P) is calculated over

the SRL workspace. In this case, though., we consider two different sets of stiffness

paraieters (Figure 5). In the first set, the value of k, is increased to 10.000 N i.
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Figure 4-5: Mean squared error of a posteriori state estimation in horizontal bracing
(A) and vertical bracing (B).

This is equivalent to one robotic arm grasping the environment in front of the user.

Figure 5.A shows that this increased horizontal stiffness allows the other robotic arm

- which is still free - to significantly reduce its state estimation error. Moreover, the

area in front of the worker is now optimal in terms of accuracy. satisfying the require-

inents of precise assembly tasks. If the user has to operate on an elevated area of the

aircraft hull (Figure 5.B), the SRL can grasp the roof with one robotic arm. This

will result in an increase of the vertical stiffness K,. which in turn will improve state

estiimation in the upper zone of the workspace.

4.5.5 Estimation of disturbances by using the augmented model

The external inputs to the SRL system can be divided into two categories: end

effector forces and human-induced disturbance forces. The former can be assumed to

be constant and measured with a force and torque sensor. The latter can be modeled

as second order systems (see Section III). and Eq. 4.3 can be added to the state-space

system. The augmented state vector will include one additional state for every end

effector force and two additional states for every Ihmani-induced disturbance. The

iienw state vector is

1-au= ['. AFb AFb,, Ab, AT, AFe, 'AFes, Ar]T (4.10)

Since the disturbances at the SRL base are now explicitly modeled, there is no

need to consider then in matrix Q,. The only process noise affecting the base of the
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robot comes from physiological tremor (Appendix B). Its amplitudes are two order of

nagnitude smaller than postural sway, and do not vary with the stiffness parameters.

Measurement matrix H, and sensor covariance matrix R, are extended to include the

new force measurements.

The augmented system is observable, mid leasuiring the end effector forces is

essential to guarantee the convergence of all the elements of matrix P. The augmented

system is not controllable. but this does not represent a problem since the state vector

has been augmented in order to estimate the disturbances. and not to drive them to

any arbitrary value. Figure 6 shows the vabue of tracc(P) in the robot workslpace

after 1,000 iterations. The state estimation error is suitably low in the area in front

of the user.

The procedure described in this section can be repeated for the model of the

bracing SRL (Eq. 4.2 and Figure 2. insert). Similar conclusions are found with

respect to state estimation.

1. augmented state estimation error
2
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Figure 4-6: Mean squared error of a posteriori state estimation in the workspace of
the SRL arm (augmented model).
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4.6 Bracing strategy

It has been shown that the SRL base stiffness has significant effects on the accuracy

of state estimation. The capability of shaping the base stiffness is therefore essential

to maximize robot accuracy in the area of the workspace where the assembly task

must be performed. The SRL can actively modulate the stiffness through bracing:

utilizing the environment as a support by grasping it with a robotic arm. This section

presents a method to identify the bracing configuration (the values of the robot joint

angles t0 ,1 and 0r2) that yields the SRL base stiffness closest to a desired value.

The endpoint stiffness matrix of a kinematic chain describes the relationship be-

tween end effector displacements Ap and applied forces F:

F = S .-Ap (4.11)

where F = [F,, FY]T and p = [Apr, Apy]T. The endpoint compliance matrix C

is the inverse of S, and both matrices are symmetric. We assume that the kinematic

chain is composed by rigid bodies and elastic joints, characterized by a linear torque-

displacement relationship (ri = ki * Adi). In this case, matrix C can be calculated

as

C = JK-jJT + H (4.12)

where J is composed by the first two rows of the Jacobian matrix, K is the

diagonal matrix containing the joint stiffnesses ki and H is an Hessian term [78].

The Hessian term can be ignored if the rate of change of the Jacobian is small. The

analytical expression of C in the case of a 2 links manipulator is straightforward

1781. Inverting C yields the stiffness matrix S, which is a function of the manipulator

configuration. The analytical expression of S, derived in Appendix C, can be used

to compute the endpoint stiffness of a 2 link kinematic chain given its dimensions,

joint stiffnesses and joint angles. These values are known or can be measured for the

worker legs (Figure 7), which in the sagittal plane can be approximated as a 2 link
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manipulator. It is thus possible to calculate the hip stiffness matrix produced by the

legs of the SRL user. This stiffness matrix, neglecting the backpack compliance, will

characterize also the motion of the SRL base (the SRL is worn at the human hip).

If the SRL employ the bracing strategy, the robotic arm that grasps the envi-

ronment will form a closed kinematic chain together with the user's legs. The total

stiffness matrix at the human hip (or SRL base) will therefore be equal to the sum

of the stiffness produced by the user legs and the stiffness produced by the bracing

robotic arm

Stot = Shuman + Srobot = Sh + Sr (4.13)

The objective of bracing is to make Sto0 as close as possible to a given Sdes. The

component S, varies depending on where the SRL grasp in the environment, i.e.

the configuration of the robotic arm (i,r and 02,r). Rewriting the above expression

yields:

Sij,r = Si,des - Sij,h =Qi3  (4.14)

where Qij are known constants. Note that Qij = Qji, because all the matrices

are symmetric.

In order to optimize the robot configuration, we write the cost function

2 2

Cost = E EZ (Sir - Qij)2  (4.15)
i=1 j=1

which decreases as Stot approaches the target Sdes. The cost function Cost depends

only on 0,1 and dr2, the joint angles of the bracing robotic arms. Therefore minimizing

the cost function yields the optimal robot bracing configuration, which will produce

a SRL base stiffness as close as possible to the desired one. Figure 7 shows the

cost function when the user is standing (Vhl = 800, Vh2 = 1100), and all the human

and robot joints have a stiffness of 150 Nm/rad. The desired stiffness matrix is

Sdes = diag(10, 000, 10, 000).
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4.7 Conclusions

We presented the first prototype of the Supernumerary Robotic Limbs (SRL), a wear-

able robot designed to assist human users in complex assembly tasks. The system's

mechatronic structure has been described, and a simplified dynamic model has been

developed in order to study its behavior. We proposed the bracing strategy - consist-

ing of grasping the environment - as a way for the robot to provide a firm support to

the user, reducing the human-induced disturbances. We analyzed in detail the effects

that sensor choice, robot configuration and bracing strategy have on state estimation.

The objective of the SRL project is to augment the skills of the human users,

providing them with robot-like capabilities - such as precision, strength, endurance

- and relieving them from the most tedious or fatiguing tasks. The development

of wearable robotic limbs poses unique challenges, such as achieving accurate state

estimation despite the unpredictability of the motion of the SRL user.

The main contributions of this chapter is the biomechanically motivated modeling

of human-induced disturbances as process noise and additional state equations. In-

cluding these disturbances in the robot's dynamical model allows to identify a suitable

sensor set and to develop control strategies capable of attenuating the perturbations.

The bracing strategy can be used to shape the stiffness parameters at the base of

the SRL, in turn reducing the state estimation error in the regions of the workspace

where the user must be assisted.

73

W



A

9h2

~h1

B

C.)

90

180

D,1 [deg]
90

2 [deg)deg]

Figure 4-7: A) Schemne of the braciing strategy. B) Cost fuinction used to find the

optinal S1 L bracing configuration. The cost is a function of dj 111(1 1),. the joint
angles of the bracing SRL arm. The white (lots represent the absolute ininma of the

cost function, while the black lines are obtained imposing 7,9 2 and finding the value

of 0'.1 that mlinimlizes the cost.
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Chapter 5

Bracing Strategy: 2D Analysis

5.1 Introduction

This chapter presents the second prototype of the Supernumerary Robotic Limbs

(SRL), and its application to the support of the body weight of aircraft workers [66].

This version of the system keeps the rotational elbow joints of the previous prototype.

In this case, however, these joints are actuated through a timing belt transmission.

The timing belt motion is controlled by a series elastic actuator located at the base

of the robotic limb. The series elastic actuators employed in this robot have been

custom designed to provide high maximum torque and high torque sensing accuracy.

In the following sections we apply the AAIJbracingAAI strategy - introduced in

the previous chapter - for supporting the human body, compensating for its weight.

We begin with a mathematical analysis of the load bearing efficiency, which proves

the potential of an augmentation strategy based on additional extra limbs that are

independent from the human body. The optimal SRL posture and joint torques

are then obtained in order to minimize the human load. Finally, numerical and

experimental results demonstrate the effectiveness of the proposed method.
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Figure 5-1: the SRL prototyNpe. A 31) printed waist brace connects the robot to the

lower back of the user. Three series viscoelastic actuators and a servo control the

robotic arn degrees of freedom (two in the shoulder, one in the elbow. one in the
wrist). The elbow actuator trasints torque to its joint through two timing belts. The
insert shows the model of the servo-actuated wrist, equipped with an electromagnetic

gripper.

5.2 Robot design: the second SRL prototype

In this section, we present the design and implementation of the second prototype of

the Supernmnerary Robotic Limbs (SRL). The systeiii consist s of a pair of wearable

robotic limbs that can intuitively and safely assist the hunian (Figure 1). A detachable

3D printed waist brace fornis the interface between the human and the SRLaA2s base

structure. Its ergonomic shape ensures that the robot rests on the iliac crest. the thick

edge of the hip bone. and that the robotAAZs weight is directed to the legs and away

from the spilie 118]. Shoulder straps and a waist belt secure the SRL to the user.

Each robotic limb is attached to a side of' the base structure. and is provided with

4 degrees of freedom two near the base (shoulder), one iii the middle (elbow), and
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one at the end effector (wrist). The range of the robot joints allows the end effectors

to reach the majority of the human limbs workspace (both legs and arms) in order to

provide assistance where needed.

The specifications of the joints are designed to match human performance in terms

of torque and weight [491. The shoulder flexion joint, which is the most powerful joint

and has to lift objects in front of the human, has a 270-degree range of motion and a

maximum torque of 69 Nm. The shoulder abduction and elbow flexion joints, which

are orthogonal to the shoulder flexion joint and experience little gravity load, have a

maximum torque of 39 Nm. The shoulder abduction joint has a 90-degree range of

motion, while the elbow flexion joint has a 180-degree range of motion. Each joint is

actuated by a brushless DC motor through a Harmonic Drive gearbox (50:1).

To minimize the robotic limbs moment of inertia and to reduce power consump-

tion, the elbow actuator is placed immediately behind the shoulder as a counterweight.

Torque is then transmitted to the elbow using two 12 mm wide, 5 mm pitch GT2

timing belts. The robotic arms are designed to allow internal routing of signal and

power wires for the end effectors. A series viscoelastic element having stiffness of 153

Nm/rad is placed between each joint and its gearbox. This added elasticity a) decou-

ples the gearbox and motor, b) provides low-cost and robust torque sensing (using

encoders to measure deflection), and c) guarantees safety in case of impact [80] [65]

[8]. The viscoelastic element, made of polyurethane rubber, allows the achievement

of the desired joint stiffness with a significant reduction in mass and size with respect

to a traditional steel coil spring 1491.

One additional degree of freedom is placed at the wrist, and controlled with a

servo motor. The robotic arm can be equipped with various end effectors, tailored

for different tasks. For this chapter, an electromagnet (weight: 275 g, max holding

force: 490.5 N) is mounted on the wrist output flange (see Figure 1, insert). The

electromagnet allows the robotic arm to easily make contact with the environment.

The wrist actuator is used to orient the outer surface of the magnet (a disk with D =

50 mm) so that it is parallel to the desired surface of contact. The magnetic force is

then activated and guarantees a firm grip. This hoding system is faster and avoids the
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extra weight and complexity of a robotic gripper or hand. If the environment does not

present any ferromagnetic surfaces, a vacuum gripper (such as the Joulin FlexiGrip

GS120) could replace the electromagnetic end effector. Vacuum can be created with

a Venturi valve, using the compressed air system available in the aircraft factory.

5.3 Bracing and load bearing analysis

5.3.1 The Bracing Strategy

Workers in the aircraft assembly process must perform complex tasks, requiring high

precision and substantial physical effort. The SRL assists the human in these demand-

ing situations, increasing their accuracy and reducing their fatigue. In this section we

present the strategy used by the SRL to provide support to the wearer, and analyze

the effectiveness of load bearing in comparison to exoskeletons.

Unlike an exoskeleton, where powered joints are attached to the human joints

and move together with the human, the Supernumerary Robotic Limbs can make

contact with the environment at any point within their workspace. By grasping

or clamping structural elements such as aircraft beams or safety scaffolds, they can

secure the human body to the environment, and thereby suppress disturbances and

lower the load to be borne by the human. In other words, this strategy allows the

robot to brace the human body against an external structure. Therefore, we call it

the "bracing strategy".

In the previous chapter, the bracing strategy has been applied to increase the

equivalent stiffness at the hip of the user, thereby reducing disturbances and increas-

ing accuracy [68]. In this chapter, we will apply the bracing strategy in order to

minimize the torques that the human joints must exert to hold a weight or to keep

an uncomfortable position. An exemplary case study considered in this chapter is to

support an aircraft assembly worker in performing a task on the floor or at a very low

position of the airplane structure. Examples of such tasks include fuselage assembly,

routing wires, fastening seats, and performing quality checks. All of these operations
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require holding a crouched position for extended periods of time, suppressing oscil-

latory movements, and stabilizing the body in order to guarantee the precision of

the task execution. Maintaining uncomfortable postures may accelerate fatigue of

the workers, reducing their productivity and even posing risks to their health 112].

Wearable robots such as exoskeletons or the SRL can be used to support the workers

and reduce their fatigue. In this chapter, we will focus on load bearing capacity and

compare the efficiency and effectiveness of SRLAA2s bracing strategy against leg ex-

oskeletons. We consider the case where the worker is standing in front of the aircraft

fuselage with both feet in contact with the floor, and the torso is leaning forward in

order to perform the assembly task at a low position.

Figure 2 shows the kinematic model used for analyzing the load bearing charac-

teristics of the SRL bracing strategy compared to a leg exoskeleton. Four simplifying

assumptions have been adopted in the analysis of the problem. First, the model is

composed by rigid links and rotational joints, and neglects the compliance of the

human-robot interface. It also lumps SRL base and human torso in a single rigid

body. These simplifications are possible because small deflections due to compliance

do not influence the static distribution of torques between the robot and the human,

which is the objective of this analysis. Second, we assume that the robot can securely

grip the environment, e.g. a fuselage structure, so that no slip occurs at the contact

point. This can be achieved using an electromagnet whose holding force can generate

enough static friction to secure the grip (see Section II). Third, the analysis assumes

that the robot links as well as the human and exoskeleton links are mass less. The

effect of link mass can be included, but it makes the analysis unnecessarily complex.

Finally, the model considers half of the human-robot system: it includes one human

leg and one robotic limb.

As shown in Figure 2, the system consists of one SRL, human leg and torso. The

position and orientation of the human torso that is aligned with the SRL base is

denoted by a 3-dim vector, p [XG, YG 3torso] T. The human torso combined with the

SRL base link weights m kg with a center of mass above the SRL base. This creates

a gravity load, fx,ext. = 0, fy,ext = --mg, as well as a moment about the hip joint,
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re ii = d", cos(ifQ,.o.)). Collectively. the external load to be borne by the human

and the robot is expresses by a 3-dim vector. F., =( fr -j T(r ]

5.3.2 Load Bearing Analysis

The basic eluations that describe the static torque-force relationships of the system

are as f)llows. For the robotic limb, the endpoiit forces Fj are related to the joint,

.torso

T 1R d
2R A,

~1RB

"2R

z
2 H

T1H

Figure 5-2: The model used to study the bracing strategy. All the angles are measured

at the joilits, except for lJQa which inlicates the orientation of the human torso with

respect to the x axis. Points A aid B represent the SDL wrist and elbow. Points

D and E represent the human knee and ankle. Point C represents both the SRL

shoulder and the human hil). TqR anld Til, the torques exerted at the hi) respectively

by the SRL arn and the human leg, are not (rawni here. Point G is the center of

mass of the humai torso. The general model is 3D. Its 2D projection on the xz plane

is used in the comrputational example (Figures 3 and 4).
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torques TR by the Jacobian matrix

TR =JR (5.1)

where the vector TR contains the torques at the joints of the robotic arm (wrist,

elbow and shoulder). An analogous expression can be written for the human leg. In

this case, the torques are referred to the ankle, knee and hip joints of the human. The

expressions of the robot and human Jacobians JR and JH are reported in Appendix

A.

Consider the total power consumed at the SRL for bearing the load. The power

consumption can be written as

PR = T WR TR (5.2)

where WR is a weighting matrix, which is positive-definite and symmetric. In case

DC motors with torque constant Kti, armature resistance Rti, and gear ratio 1 : ri

(ri > 1) are used for individual joints i = 1, ... , nR, the weighting matrix is given by

WR diag R Rn) (5.3)

Substituting (1) into (2) yields

PR= FTJRWRJT F (5.4)

For comparison we consider an exoskeleton attached along the human leg, exerting

joint torques on the human leg joints. The power consumption at the exoskeleton can

be derived in a similar manner,

PE= FTJEWE JETF (5.5)

Notice that JE JH, because the exoskeleton is constrained to follow the human

leg kinematics. Our special interest is to assist the human when he/she has to squat

in order to reach a very low point, as illustrated in Figure 2. At this posture, the
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exoskeleton, which has to take the same posture as the human, is not advantageous;

the exoskeleton must bear the load in the same way as the human. To compare the

load bearing efficiency, consider the quotient between the two: PRIPE,

PR FT]7RWRJk F FT AF
R 

= -(5.6)
PE FT JEWE JETF FTBF

where A and B are real, symmetric matrices given by

A A JRWRJT , B JEWEJET (5.7)

It is expected that the quotient y is smaller than 1 if the SRL takes a proper

posture by bracing the human body against a wall, the floor, or a structure that it

can contact. It is natural to assume that the posture of the exoskeleton as well as

the human leg is not singular when half way crouching, as illustrated in Figure 2.

Therefore, matrix B is assumed non-singular. Since the matrix A is symmetry and

the matrix B is symmetry and non-singular, the quotient can be treated as a Rayleigh

Quotient. Finding the minimum of the quotient is a generalized eigenvalue problem,

and is given by the smallest eigenvalue of the following matrix:

Ymin = A 1nin(B- 1A) (5.8)

If the SRL is at a singular configuration, it can bear a load with zero power

consumption, as long as the load vector F is in the null space of matrix A:

77in=O, PR=O for FEN(A) (5.9)

The Rayleigh quotient is small even at a non-singular SRL configuration, if the

SRL posture is near singular and the load vector is nearly aligned with the null space

of matrix A.

The SRL can take various configurations. Finding a right posture for bracing the

human body is critically important for lowering the Rayleigh quotient, i.e. efficient

load bearing. The following section will address how to find the right posture that
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Figure 5-3: A) Squared norm of the optimal SRL torques Trl2 and B) corresponding
human workload |rH 2 ,) lotted for every possible contact point of the SRL end with

the environmient. The central white (lot represents the SRL shoulder (point C in

Figure 2). The best bracing configurations for the SRL are the ones that lead to

rT 112 0 - the blue areas in B) - and also required hlited robot torques - the blue

areas in A). It is possible to observe that both conditions are respected when making

contact the environment at either the bottom or the top of the SRL N workspace (see

Section V).

optimizes the metric subject to constraints on available surfaces to brace.

5.4 Optimization

5.4.1 Introduction

In order to inaintain a static posture, aircraft assembly workers must compensate for

their own weight and for the forces originated operating tools or moving parts. These

actions generate anm equivalent force and torque vector -F,.t at the hip. which must

be bornle by the legs of the worker generating an equal and opposite vector F.t.

When the SRL is used.

relieving the hiumimami:

F, can be provided in part or entirely by the robot.

(5.10)

where Fj and F1, are the hip firces and torques generated respectively by the

robot and the human. The joint torques required to originate these hip forces cai be
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calculated using the Jacobian matrices of the robot and of the human leg (JR and

JH), considered as two aAlink manipulators fixed to the ground at their contact

points.

The total force to be generated at the hip can thus be written as

Fext[JgT JTM [] tot (5.11)
TH

Both TR and TH are vectors with three elements, corresponding to the torques of

the robot and human joints. Since the rank of M is at most 3, its null space has

at least dimension 3. This means that there are infinite couples of r and TH that

originate the same Fxt. In other words, the human leg and the SRL arm form with

the ground a closed kinematic chain that has infinite static solutions for the joint

torques.

The objective of the SRL arm is to minimize the human workload. Among the

infinite possible r given a particular system configuration, we thus want to determine

the value that minimizes TH. The vector of the human joint torques can be written

as

TH = JT (Fest - J-TTR) (5.12)

where J7TFe t represents the torques that the human leg should provide to gen-

erate Fext without any external help, and the second term represents the torques that

the action of the SRL subtracts from the human workload.

5.4.2 Problem Statement

Find an optimal posture and joint torques of the SRL that minimize the power re-

quired for the human to bear the external load, Fet , subject to torque limits of the

SRL and the admissible joint angles, OR E DR:

9 R = arg min P(FR; OR) (5.13)
OEDR

|TR I TR,max
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Figure 5-4: Finding the optimal SRL configuration with limited contact points. A)
The human workload T_1 2 map is overlapped with the profile of an aircraft structure

(black line). The hunan configuration is drawn with grey lines, while the optimal

SRL bracing configurations are drawn with magenta and cyan lines. The red curves

represent the available contact points the intersection between the environmuent

profile and the robot workspace. B) The value of I|r1 2 in the available contact

points is plotted against coordinate s (the position of the contact points along the
ground profile). The grey areas represent the segments of the environment that cannot

be reached by the SRL. The magenta (lot is the contact point that minimizes 'FrU;. 2

The cyan (lot is a local minimum of ;2, which can be used if' it is preferable to

grasp the wall instead of the floor. C) SRL bracing configuration corresponding to the

local minimum oii the wall (cvan point). D) SRL bracing configuration corresponding

to the global mininnun among the available contact points (magenta point, on the

floor). Notice that the available contact points do not include the most advantageous

ones (placed at the bottomn and at the top of the SRL workspace, see Section V).

where

P(FI?; 01?) T= || 12 = (F 1  - FL?)'JH J|JI'I(Fl - F?) (5.14)

5.4.3 Optimization

The analytical expression of TI which TiniMizes |r11 T= r r 1 can be done by finding

the point where the derivative of ||jr 2 is zero. The complete derivation is detailed

in Appendix B.

However, this solution does not take into account the limits to the torques of the

robotic arm. There might be situations in which the joint torques required to originate

F, and minimimnize the humnan workload (r 2 = 0) exceed the mnaximum torques

that can be provided by the SRL actuators. Moreover, the limits of the different
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actuators are different (See Appendix C for the characteristics of the SRL actuators

and the model parameters). In particular, the robot wrist joint is the weakest both

because its actuator is the smallest and because its gripper must guarantee the no-slip

condition at the base of the bracing model. In order to include these limits in the

solution, we solve constrained optimization problems employing the method of the

Lagrange Multipliers.

The analysis so far has been general, and holds for the general 3D problem. We

will now present the analytical solution to the optimization process in the 2D case. We

consider the projection of the man-machine system on the sagittal plane (plane xz, see

Figure 2). Although the movements of the human and the robot are three dimensional,

a planar model can adequately represent both the kinematic configuration necessary

to reach a crouched position and the major joint torques required to bear gravitational

loads.

The iterative procedure to find TR which minimizes 117HI2 and respects the SRL

torque limits is as follows. The human and robot configuration (JH and JR) are given.

We start computing the solution Tr which makes IITH12 zero (the global minimum).

This solution is acceptable provided that it respects all the torque limits. If this is

not true, three cases may happen.

First, one element of Tr exceeds its maximum value torque TiR,max. In this case

we apply the Lagrange Multipliers to minimize IITH1 2 with the the constraint that

TiR <= TiR,max, resulting in the Lagrangian:

L TH A (T2R - TiR,max) (5.15)

This optimization yields a new value of Tr, with TiR saturated to its maximum

value (for the analytical expression of the solution, see Appendix D).

Second, if two elements of Tr exceed their maximum values TiRmax and TjR,max, we

apply the Lagrange Multipliers to minimize |TrH 0 2 with two corresponding constraints,

resulting in the Lagrangian:
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L ITH 2 - A(TiR - R,max) - P(TjR - 7R,max) (5.16)

This optimization yields a new value of r, with TiR and R saturated to their

maximum values (for the analytical expression of the solution, see Appendix D).

Third, if all three elements of Tr exceed their maximum values, then we find the so-

lution that minimizes IITH 12 among the eight triples [T1R,max, T2R,max , T3R,max] T .

This procedure is repeated until all the elements of T are within their limits. Figure

3 shows the squared norm ||Tr2 of the solutions obtained for every possible configu-

ration in the workspace of the SRL. The position of the human is fixed (OZ1H =150',

a2H = -100', 3tors = 1200). The figure also shows the corresponding values of

TH|2

In practice, though, it is not necessary to find TA and the corresponding IITH12 for

every point in the workspace of the robot. It suffices to intersect the SRL workspace

and the available contact points with the environment. One such situation is shown

in Figure 4, where the environment profile represents the floor and the wall inside an

aircraft hull. For every contact point that can be reached by the robot, we compute

TA and rH 12 with the method detailed above. The optimal contact point (and robot

configuration) is the one that minimizes the human workload 1TH 1 2. If many solutions

realize the same minimum workload, the one requiring minimum robot torques Arg 2

is selected among them. It is important to remark that this optimization method

can be applied with any kind of environment profile. It is not necessary to have the

contact point that yields the global minimum of rH12 (blue area in Figure 3B). If

limited contact points are available, the algorithm selects within that subset the point

that locally minimizes 11TH 112
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5.5 Discussion

5.5.1 Comparison

In order to compare the performance of the SRL in reducing the human workload

with that of a traditional exoskeleton, three scenarios will be analyzed. First, we

consider the case of a worker without any robotic aid. We calculate the torques that

the human joints must exert in order to compensate for the weight of the user.

Second, we consider the case of a worker wearing a traditional exoskeleton. In this

scenario, the man-machine system must generate joint torques that compensate for

the weight of both the human and the robot. The exoskeleton torques will be sub-

tracted from the required total ankle, knee and hip torques. The goal is to minimize

the absolute value of the residual torques, which must be originated by the human

joints. In order to have a fair comparison, the weight and maximum torques of the

exoskeleton are chosen to be the same as the ones of the SRL.

Third, we consider the case in which the worker is wearing the SRL, which employs

the bracing strategy in order to minimize the workload of the user. We select for the

robotic arm the optimal configuration that has been found in the previous section

(configuration colored in magenta in Figure 4). In all of the three cases the position

of the human is the same (joint angles equal to those considered in Section IV). This

uniquely defines also the position of the exoskeleton, whose kinematics are the same

as those of the weareraA2s leg. The SRL, conversely, is free to select the optimal

bracing configuration. The results in terms of human workload are reported in Table

The computed human torques indicate that, although wearing an exoskeleton

Table 5.1: Human workload comparison
joint torque only human human and human and SRL

exoskeleton
T1H [Nm] -59 -43 -10
T2H [Nm] 79 57 34
73H [Nm] -24 0 -29

I H11 [(Nm) 2 ] 10298 5098 2097
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Figure 5-5: The experimental setuHp used to measure the power consumption of the

SR L arm while bearing vertical loads. \We compare three different c(onfigurations in

terms of power required to bear one Newton of vertical load. Im case A) the required

power was 0.04 [1W/N]., in case B) it was 0.53 [W/ N] and in case C) it was 0.77 [W/7N.

is more advantageous than not using any robotic aid. the SRL provides the best

performiance in terms of huian workload minimization. The intuitive explanation

of tie advantage of the SRL ii bearilng the load is that, by choosing a configuratin

close to the singular oie, the robotic arim (1a1 support the wearer without resorting to

large joint torques. The load is simply discharged to the ground through the robotic

structure. In the vicinity of the singularity the SR L exploits a large mechanical

advantage in order to bear loads with the least effort.

The power consumption of the SRL prototype arm while bearing a vertical load

has been measured in several configurations. The considered robot positions and the

results in terms of required power are shown in Figure 5. These experimental results

confirm that bearing a load in the vicinity of a singular configuration requires the

least amount of joint torques iiA and therefore of power.
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5.5.2 Bracing With Two Robotic Arms

Until this point, we have applied the bracing strategy to a single SRL arm. If the user

is executing a task, in fact, the help of the other SRL arm might be needed in order

to get aircraft parts or to handle heavy tools. When the task does not require specific

robotic help, however, both SRL arms can be used to brace the user and minimize

the human body workload. In this case the SRL can always compensate the full body

weight with optimal efficiency. By assuming a triangular configuration (Figure 6),

the SRL can keep both robotic arms in a singular configuration and compensate all

the gravitational forces with minimal joint torques (the residual moment arms at the

wrist and at the shoulder are very small by design). The only limiting factor is the

strength of the end effector electromagnets, whose size can be tailored to the load to

be borne. This triangular bracing strategy is efficient for any COM height h (Figure

6), therefore confirming the advantage of the SRL over traditional exoskeletons.

5.6 Conclusions

This chapter presented a novel strategy for the use of the Supernumerary Robotic

Limbs (SRL). Our vision for the SRL is to become a functional extension of the

weareraAs body, coordinating with the user to execute complex operations and

providing support during the most physically demanding tasks. In this chapter, we

focus on the use of the SRL to minimize the torques required to the human joints

while maintaining an uncomfortable posture or bearing a static load.

We developed the bracing strategy, which consist of the SRL making contact with

the environment in order to support the user. By grasping the environment, the robot

is able to reduce the static loads borne by the wearer. As a consequence, the torques

required to the human joints can be minimized. We presented a method to identify

the optimal SRL bracing configuration, which allows to minimize human effort while

taking in account the robot torque limits and the available contact points with the

environment.

Finally, we showed that the SRL can minimize user workload with a limited power
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Figure 5-6: Bracing with two robotic arms. The triangular bracing strategy guaran-

tees efficient gravitational load compensation for every h.

consumption. This (all be achieved because the kinematic independence of the SRL

allows it to choose the optimal available braciiig point. A traditional exoskeleton. oii

the other hand, is constrained to follow the movements of the human leg and thus

cannot select an optimal configuration, resulting ili higher robot joilit toroles an1d

risk of saturation. We conclude that the SRL has the potential to provide optiial

support to the hiuminaii user in an efficient way.
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Chapter 6

Combining Bracing and Task

Assistance

6.1 Introduction

This chapter explores a promising application for the SRL bracing functionality. The

SRL can provide the human with positional references, jigs, and tools for assisting

workers in executing tasks that require high accuracy or robustness to disturbances

[69].

This chapter focuses on a class of tasks where the SRL physically interacts with

the environment through contact. The SRL makes contact with a wall and thereby

braces the human body against the environment. The SRL also guides the human

hands by placing a drill jig over the drilling location. Bracing the human body and

guiding the hands of the worker, the SRL can enhance the drilling task stability and

accuracy.

We will analyze the kinematic and static properties resulting from the structural

closed loops formed around the SRL, the human, and the environment. We will

develop and discuss effective strategies for physical disturbance rejection and fine

positioning. Finally, we will present an optimization method that identifies the SRL

kinematic configuration and joint torques that stabilize the drill and at the same time

minimize the human workload.
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Figure 6-1: A) The SRL prototype used in a drilling task. B) The electromagnet
used to establish contact with the environment. C) The drill jig e(d effector. In the
middle of the purple element there is a hole (bushing) whose finction is to guide the
drill bit.

6.2 Applying the SRL to aircraft fuselage assembly

Figure 1 shows a typical assemlbly task inside a large aircraft fuselage. A beam,

called inter-coaster, is placed between two vertical frames, and secured with special

bolts. This assembly task requires many steps of operations. including picking rip a

workliece. positioning it against the fuselage frame., clamping the workpiece to the
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fuselage, making holes with a drill, installing bolts, and fastening the bolts. Currently,

the work is executed completely by human labor. For complex installation two workers

must collaborate to complete the job.

This task procedure can be streamlined with the use of the SRL. Figure 1 shows

a prototype SRL system developed at the MIT d'Arbeloff Laboratory. It consists of

two 4 DOF robotic limbs, a waist bracket for securing the robot around the waist,

and end-effectors attached to the tip of the arms. The SRL system is equipped with a

motion capture system placed above the backpack frame. One SRL may be equipped

with a clamp at its end point, as shown in Figure 1, and secure the beam temporarily

against the fuselage structure, rather than the human picking up and setting the

clamp. Then the human can immediately move on to drilling. Another SRL can

assist the human in positioning the drill against the frame. As shown in Figure 1, the

second SRL may be equipped with a drilling jig at its end point, and place it precisely

at a specified position by using proximity sensors at the tip or other types of sensors

detecting the location of the fuselage structure. Furthermore, the drilling jig can keep

the drill bit perpendicular to a beam surface and guide it to the exact location where

a hole must be made. The human's work load is substantially reduced, since his/her

job is simply pushing the drill towards the surface, i.e. 1 DOF motion. The SRL

with the drilling jig can support the drill in other 4 DOF: x and y translations and

pitch and yaw rotations.

In this example task, the first SRL clamps the beam against the fuselage structure.

Note that, in turn, the human body is physically constrained by the SRL connecting

the human body to the fuselage. In other words, the human body is braced against the

fuselage structure. This can secure and stabilize the human body while performing

the laborious task. Assembly tasks of a large aircraft fuselage are often performed in

an unsecure environment with only partially covered floors. Bracing the human body

will contribute to stabilizing the body and improving safety.

In the drilling task considered in this chapter, the SRL has two goals. The first

one is to indicate the correct hole location to the user. This is achieved by placing

the drill jig on the aircraft frame surface, so that its central bushing will guide the
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drill bit towards the desired position. Using the motion capture system and endpoint

feedback control, the SRL is able to position the bushing more accurately than an

unaided human worker, guaranteeing also task repeatability. The second goal of

the SRL is to hold the drill jig in place during the drilling process. This anchoring

phase is critical, because the bushing must be fixed to the hull surface despite the

presence of several potentially large disturbing forces. The main perturbations are the

human-induced disturbances (involuntary movements, postural sway, breathing), the

vibrations produced by the drill, and the unwanted force components (perpendicular

to the dilling axis) that the worker may generate while pushing the power drill.

Since the drill jig has no gripper, it can be anchored to the hull in only one way:

by pressing it on the aircraft wall with a force which is perpendicular to the contact

surface. This perpendicular force will then generate static friction components which

will be able to absorb disturbances parallel to the contact surface, as long as they are

within the friction cone. This drill jig anchoring strategy has several advantages: first,

the robot does not need any pivots or special features to hold on to. The drill jig is

simply put in contact with the surface that needs to be drilled, on the desired location.

Another advantage is the very fast and reliable engaging/disengaging process. The

anchoring is realized by reaching the desired contact force, and is quickly released by

moving the end effector away from the aircraft hull. No complicated end effector or

grasping systems need to be used, making the holding system more reliable. In the

following section, we will present three strategies to generate a perpendicular holding

force and secure the drill jig during the drilling task.

6.3 Drill jig anchoring strategies

The main challenge presented by the drilling task is how to minimize the human effort

while producing the required holding force at the drill jig. The base of the SRL is the

human hip. This means that if the robotic configuration is unbalanced, the human

must exert a restoring hip force in order to keep his/her position. The goal of the

SRL is therefore that of generating a large drill jig contact force, while minimizing
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Figure 6-2: Kinematic scheme of the SRL during the drilling task, applying the
General Strategy. The robotic arns are drawn in black, while the ground reaction
forces (fAR, TAR, FxAL, FyAL, TAL) and the human hip forces (Ftc, FVC, TC) are drawn

in blue. fAR FA R + F AR is the holding force of the drill jig. It is perpendicular

to the contact surface, which has orientation a.

the required human workload. This can be achieved by using the free SRL arm (the

one without the drill jig) to contact the environment in a convenient location. This

SRL arm can then generate ground reaction forces aimed to secure the drill jig and

relieve the human.

The structure of the problem is as follows (see Figure 2 and Table 1). The position

of the SRL base (human hip) and the position and orientation of the drill jig are

known. They are given parameter values determined by the task (hole that must be

drilled) and by the current worker position. The goal of this analysis is to determine

the best point where the free SRL arm must make contact with the environment.
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We also want to find the SRL joint torques that will originate the required drill

jig anchoring force, while minimizing the human workload. Table I summarizes the

parameters and unknowns of the problem (refer also to Figure 2).

6.3.1 Basic Strategy

The simplest drill jig anchoring strategy consists of generating with the free SRL

arm a force which is equal and opposite to the holding force required at the bushing

(Figure 3). In order to maintain static balance, the system needs a compensation

torque Tc.

TC = fAR - d (6.1)

This torque can be provided by the SRL wrists (they are in contact with the

environment and can therefore shape the ground reaction torques). If Tc surpasses

the limits of the robot wrists, the exceeding part must be generated by the human

hip.

The compensation torque TC depends on the magnitude of the holding force fAR -

which is a fixed parameter of the problem - and on the distance d between the holding

force axis and the parallel axis passing through the other contact point (Figure 3).

In order to reduce TC, this strategy requires reducing d. It is very convenient when it

is possible to place fAR and fAL on the same axis. In most cases, however, reducing

d entails decreasing the distance between the two robotic end effectors. This would

place both robotic hands in the drilling area, creating unwanted obstacles to the

movements of the worker. It is therefore necessary to develop an anchoring strategy

that allows the SRL to generate the drill jig holding force without invading the drilling

area.

Table 6.1: Variables of the problem
variables type
fAR, o', aR, bR fixed parameters
Fxc, FyC, TC, FxAL, FyAL, TAL, TAR, aL, bL unknowns
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Figure 6-3: Kinematic scheme of the SRL during the drilling task, applying the Basic

Strategy. fAs - FAL + F AL is the holding force of the SRL arm without drill jig.
Its direction is parallel to that of fAR, its norm is the same, and its sense is opposite.

6.3.2 Leaning Strategy

For a human, generating a strong continuous hip torque is uncomfortable and causes

fatigue. In fact, this requires the constant contraction of the hip muscles. Conversely,

for a standing human is simple and effortless to generate a static linear force in the

horizontal plane. This can be achieved by leaning in the direction where the force

must be created. Using the Linear Inverted Pendulum Model [40], this leaning force

can be expressed as Fy = mgy/LH, where LH is the height of the human center of

mass (COM), and deltay is the displacement from the equilibrium position in the y

direction.

It is therefore possible to develop a drill jig anchoring strategy that constrains

the human compensating force to be exclusively linear. The considered situation is

shown in Figure 4: in order to generate the holding force fAR, we want to use a robot

contact force fAL and a human hip force fo in the same direction. These unknown

forces can be determined writing the static equilibrium equations of the system:

99



--fAL -. fC -fAR = 0
fc - (d-d)-- fAR - d = 0 (6.2)

fAL -d - fc - dR = 0

Solving the system leads to the following solutions for the robot free contact force

fAL and for the human-generated force fc:

fo = fA A d-R (6.3)

f AL =fAR d dR

Since dR is fixed (it depends on the given drilling and human locations), the hip

force fc provided by the user can be reduced by increasing as much as possible the

distance d between the two robotic end effectors. This is an advantage of the current

strategy, because it means that the free robotic arm does not obstacle the movements

of the worker in the vicinity of the drilling location. However, the limit of this strategy

is that the required human force fc is still large. In other words, the human effort

is comparable (for admissible values of d and dR) to the anchoring effect that we

want to achieve. Moreover, the human can generate only the y component of fc by

effortlessly leaning forward. There is thus the need for a general drill jig anchoring

strategy, able to identify the general ground reaction forces and torques that realize

the desired holding force while minimizing human workload.

6.3.3 General Strategy

In the most general case, the SRL can generate 4 independent ground reaction forces

in order to secure the drill jig. These free variables are FxAL, FyAL, TAL, TAR (see

Figure 2). The human hip forces and torque Fxc, FyC, Tc are also unknown, and

must be minimized. The location of the drill jig (aR, bR) is a problem input. The

static equilibrium equations in this general case are:
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AR-

ALAL
d

Figure 6-4: Kinematic scheme of the SRL during the drilling task, applying the

Leaning Strategy. fc = F 0 + F,2 is the norm of the human hip force. fAR, fAL

and f- are parallel.

-JAR sin(a) + Fxc + FxAL = 0

fAR cos(a) + Fyc + FyAL 0 (6.4)

-Fyc aL + Fxc bL + fAR cos a (aR - aL )+

+fAR sin(a) (bR - bL) + TC + TAR + TAL = 0

If we assume that the location of the other end effector (aL, bL) is known, the

system is linear and can be written in matrix form as Ax = b, where

1 0 0 1 0 0 0

A=o I Y 1 o o (6.5)

bL -aL 1 0 0 1 1(

X = [ FA!, FyC , TC , FxAL , FyAL , TALi ,TAR]T (6.6)
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JA l 51cos(a)

-fA 1?Cs( )(a 1 aR ) sin(o ) (b d )

(6.7)

Since matrix 4 has full row rank and o = 3 < i = 7, the system has infinite

solutions. The solutions x represent the grounld reaction forces and hmaii forces

that generate the desired holding force A while imaintaiining the system in static

equilibrium. Section IV will present am optimization technique to select the most

convenient solution. and use its results to identify the best robot configuration.

It is important to poiit out that the results of this section hold in general f'or any

wearable robot that has two contact points with the environment. These results do

not depend on the specific number of' links or joint types of the wearable robot. Ie

kinematic structure of the robot will conic into play when determining the necessary

joint torques (Section V).

-0.4 0
x [m]

0.4 0.8

Figure 6-5: Optimal E0 f'or every contact point within the robot workspace. The

white poimt represents the robot base (point P ini Figure 2).

I
102

I

0.8 -

0.4 -

0-

-0.4 -

-0.8 -

0.13 ,

0.12 L

0.11 a

C
0

0.1 +;;
(u
In
C
a)

0.09 aL
E
0

0.08

-0.8



6.4 Optimization

The system found applying the general drill jig anchoring strategy has infinite solu-

tions. The optimal solution is the one which minimizes the user workload required

to anchor the drill jig. The human workload is determined by the forces and torque

that the hip must exert in order to keep the system in static balance: Ftc, Fyc, Tc.

In this analysis, we include all of these values in a single scalar measure of human

workload: the compensation energy Ec. This quantity is the equivalent energy that

the human hip would have to provide if it was a passive element composed by three

springs (two linear and one rotational). The definition of EC is as follows

Ec = k,(AX) 2 + ky(Ay) 2 + ko (AO) 2  (6.8)

Since the equivalent displacements Ax, Ay, AO are linearly related to the hip

forces and torque (Fi = ki xi), the expression of the compensation energy can be

re-written as

2 2 2F2  F 0
Ec = c (6.9)

k- ky ko

The values of the three hip spring constants can be adapted from the biomechan-

ical literature [841. When a human is standing, the body behaves like an inverted

pendulum and the equivalent stiffness at the hip is largely determined by the ankle

stiffness (anterior/posterior direction: kfrntal = 800 Nm/rad). The equivalent hip

stiffness can be determined assuming small displacements (leg length LH 1 IM):

kfrontal/L2. Stiffness in the x direction is higher (kr = 1600 N/m), because the

userAWs legs are parallel to the x axis (Figure 2). Conversely, hip rotational stiffness

is lower (ko = 400 N/m), because hip muscles are weaker than the leg ones. Hip

stiffness parameters (kX,ky,ko) allow to determine EC given the values of Fxc, Fyc,

TC-

Since the goal of the optimization is to find the solution x which minimizes Ec,

we select a weight matrix W that attributes a cost to the elements of x (see eq. 6).
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Figure 6-6: The black lines represent the SRL arm which is holding the drill bit.
The green and magenta lines represent the optimal configurations of the other SRL
arm. A) Intersection between the SRL workspace (red) and an arbitrary environment
profile (grey). B) Plot of the available contact points (green curve (1) and magenta
curve (2)) over the E0 map determined before (see Figure 5). C) Visualization of the
value of EC for the available contact points (curves (1) and (2) in the workspace).
EC is plotted along coordinates ,i and S2 (the position of the contact points along
the environment profile). The optimal contact points, outlined with (lot markers. are
the ones that minimize Ec. The magenta iid green SR L configurations in A) and
13) (VCorrspo(nd to these two minima.

The cost of every elenient is based on its weight in the expression of E:

(6.10)A11  A0 1 01 ~ 10il 80?l.001IV = diag , 117w111 ,m i n- . w'mn . Wmis,

k( kY k -Y'A,-

where wa = mini(1/k. 1/k-1 . I/ko) - 0.1. Note that the onlv elements with rel-

eant weights are the ones that determine EC. The other elements have negligible

weights (compatibly with the fact that W4 must be positive-definite).

The optimization problem can be solved with the Lagrange Multipliers [771. We

define the following Lagrangian function:

L = :1'x + AT(b - Ar) (6.11)

where the first term is the cost function (based on W1), and the second term is the

system of constraints (based on the general strategy derived in the previous section).

The solution x which minimizes the cost while respecting the constraints is
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{ =A 0 (6.12)
OLI8x =0

--> x W--AT (AW-1A T) b (6.13)

This solution contains the ground reaction forces and human hip forces that anchor

the drill jig to the ground, while minimizing the human workload. The linear system

on which the solution is based (equations 4-6) was derived assuming that the contact

point of the free SRL arm (aL, bL) was fixed. It is therefore possible to repeat the same

optimization for every contact point within the workspace of the SRL. The results

(optimal EC that can be achieved given a particular contact point) are visualized in

Figure 5.

In a manufacturing environment, though, the number of available contact points

is limited. The free robotic arm can only make contact with the environment in the

intersection between the aircraft structure surface and its workspace. Such a situation

is represented in Figure 6. When limited contact points are available, the ground

reaction forces (and associated optimal Ec) are calculated only for those points. The

best overall ground contact is then the one that yields the smallest optimal EC (see

Figure EC).

The general anchoring strategy, combined with the optimization method described

above, is able to select the most convenient SRL configuration because it does not

pose any constraints on the ground reaction forces (unlike the basic strategy and the

leaning strategy). Figure 7 and Table II visualize two optimal SRL configurations,

with their associated ground reaction forces and hip forces. It is evident that the

anchoring force is generated by the robot with negligible human effort (small Ftc,

FC and Tc).

Table II reports the ground reaction forces and hip forces in the two optimal cases

(see also Figure 7). It also shows the coordinates of the optimal ground contact

points.
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6.5 Discussion

The optimization process described in the previous section determined the SRL con-

figuration and external forces that anchor the drill jig to the aircraft while minimizing

human workload. We now find the robot joint torques that must be applied in order

to realize the optimal static equilibrium. The values of the ground reaction forces

and torque are known for both robotic arms. These values are either contained in the

vector xpt or can be determined from the problem parameters (FAR - -fAR sin(oa),

FyAR = fAR cos(a)). Knowing the ground reaction forces (equal and opposite to the

end effector forces) allows us to write the following expressions for the joint torques

T1L FxAL

T2L -JI FyAL (6.14)

T3L TAL

The same expression is applied also to the other robotic arm (with subscript R). JL

and JR are the Jacobian matrices of the two SRL arms in the kinematic configuration

that corresponds to x0 ,t.

Up to this point, we did not make any assumption on the particular structure of

the wearable robot. These results hold for any wearable robot with two end effectors

(the drill jig and a gripper). In the case of the SRL prototype (Figures 1 and 2), the

robotic arms have 3 degrees of freedom in plane xy.

The solution for the joint torques TL and TR is unique. The SRL joint torques

Table 6.2: Optimal SRL configurations
quantities config. 1 config. 2

(aL, bL) [mI (-0.44, 0.27) (-0.43, -0.50)
Fxc [N] 7.6 6.7
FyC [N] 6.8 6.3
Tc [Nm] 0.8 0.1
FAL [N] 67.4 68.3
FyAL [N] 123.1 123.6

TAL [Nm] 30.0 3.7
TAR [Nm] 30.0 3.7
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Figure 6-7: Visualization of the ground reaction forces and human hip forces in the

two optimal configurations identified in Section IV (see also FIgure 6). The points

and forces are defined in Figure 2. The length of the vectors is proportional to the

magnitude of the forces and torques (see box for scale). Configuration 2 achieves the

minimum possible Ec given the available points. It also requires smaller joint torques

on the SRL joints (wrist torques plotted; for the other joints, see Table III).

for the two considered configurations (magenta (1) and green (2), see Figures 6 and

7) are reported in Table III. If the robotic arms had a different number or type of

actuators, the Jacobian matrix would change accordingly.

The optimization method presented in this chapter does not take explicitly in

account the limitations to the joint torques, or to the electromagnetdAs gripping

force. If the maximum values of these quantities are surpassed, the drill jig holding

force must be decreased until all constraints are met.

The results shown in Section IV confirm that the General Strategy is superior to

the Basic and Leaning Strategies. The general method always minimizes the human

workload, for any environment profile. The examples reported in Table II and III

show that the human workload is one order of magnitude less than the holding force

exerted on the drill jig. Conversely, the other two methods are effective only in

particular situations (gripper close to the drill jig for the basic strategy, and gripper

far from the drill jig for the leaning strategy) and require high human workloads in

the other cases. The basic and leaning strategies can be viewed as particular cases of
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Table 6.3: Optimal SRL joint torques
joint torques [Nm] config. 1 config. 2
T1L 42.3 15.3
T2L 4.0 37.1
T3L -30.0 -3.7
T1R -41.6 -15.2
T2R -79.7 -53.4
T3R -30.0 -3.7

the general strategy, which the optimization algorithm will select if their particular

conditions are met. This is evident in the case of configuration 2 (Figure 7), where

the optimization algorithm almost cancels out Tc by positioning the contact point AL

along the direction of fAR, and requiring a ground reaction force fAL which is similar

in magnitude but opposite in sense (compare with section III.A).

The optimization method can also be adapted to compensate for the weight of

the SRL. In this case, it suffices to modify system Ax = b by imposing the value of

Fxc = -mg (Fxc becomes a fixed parameter). This way, the optimization algorithm

will find the SRL configuration and joint torques that anchor the drill jig, compensate

for the weight of the machine, and minimize the user workload.

6.6 Conclusions

In this chapter, we focused on a drilling task where the goal of the SRL is ensuring

that the hole respects positional and orientation tolerances despite the presence of

disturbance forces. This is achieved by using a drill jig equipped with a central hole

(bushing). Once the robot has positioned and anchored the drill jig on the aircraft

surface, the worker uses the bushing to guide the drill bit. The anchoring effect is

achieved by pressing the drill jig on the surface of the aircraft structure.

The results presented in this chapter show that the SRL is effective in aiding

the user during the considered drilling task. Our algorithm is able to select the

optimal robot configuration given a limited number of available contact points with

the environment. The algorithm can identify the ground reaction forces that secure
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the drill jig to the aircraft structure, while minimizing the human workload. It also

computes the joint torques necessary to create the desired static equilibrium.

This chapter demonstrated a novel application for wearable robotic arms that are

kinematically independent from the user. The SRL is free to select the configuration

and joint torques that are most effective in assisting the user during a drilling task.
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Chapter 7

Bracing Strategy: 3D Analysis

7.1 Introduction

This chapter introduces the design and implementation of the third prototype of the

Supernumerary Robotic Limbs (SRL). In this prototype the rotational elbow joint

has bees substituted with a prismatic joint, more suitable to bear large axial loads at

any point of its stroke. The main limit of the elbow joint was that it required very

large torques to bear the weight of the user when the rotational joint was flexed. For

the prismatic joint, on the other hand, there is no difference in bearing a force at any

point of its stroke. The choice of electric linear actuators enables the SRL to support

the full weight of the user.

Considering this new SRL architecture, the bracing strategy is then extended

to the full 3D case. It now becomes a general method, capable of considering any

possible contact point of the SRL with the environment. Quasi-static stability and

compliance with which the body is supported are analyzed. Two control methods for

stabilizing the body support system are considered: one is null space stabilization

using Hessian matrices, and the other is joint servo stiffness based on the Jacobian

1701.
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7.2 Design Concept

7.2.1 Motivation for the use of a prismatic joint

A

.4

/
.

sN.

~II
Figure 7-1: Design concept and third prototype of Supernumerary Robotic Limbs

(SRL). A) The rotational elbow joint has been substituted with a prismatic joint.

B,C) The prismatic joint can efficently bear large loads.

The SRL consists of a pair of robotic limbs, a harness, and a control unit. Each

robotic linib has three degrees of freedom. allowing the endpoint to reach an arbitrarv

position in space. One of the major functional requirements for the SRL is to bear

a large load for a long time while using inimal energy. A prismratic joint with a

high gear ratio is not back-drivable; hence., it can bear a load without consuming

energy. The SRL in Fig. 1 exploits this feature. Once the prismatic joint is fixed

at a certain length, it serves as a "stick". Consequently. most of the load is borne in

the longitudinal direction of each stick, the orientation of which is varied with two

revolute joints placed o1 the base of the robot closer to the harness.

7.2.2 Potential Uses

The SRL can be applied to various tasks to facilitate a human in performing danger-

ous, laborious, or difficult jobs. Fig. 2 shows a collection of potential uses of SRL. In

112

I



Fig. 2A the human wearing the SRLs is braced against a rail or a scaffold beani for

safety. Here, each SRL is equipped with a gripper at the end of the stick to secure

the endpoint to the rail. This type of body bracing for safety is useful for various

field works, including construction, utility infrastructure maintenance, and disaster

response works as well as an astronaut's Extra-Vehicular Activities (EVA). In Fig.

2B the human has to reach a low position to work on the floor or near the floor fur a

long period of time. The SRLs suspend the huiman body, so that the Iminnan does not

have to crouch or take anl uncomfortable posture. In Fig. 2C, the human is taking a

half-crouch posture, which is laborious if the posture umust be kept for a long time.

The SRLs support the body from the floor to reduce the load oi the knees and ankles.

These l)o(ly suspension applications can be fOund in various factory vorks., including

aircraft fuselage assembly alld automobile assemibly. as well as in construction an d

field works.

A

~ ~ K

Figure 7-2: Potential uses of the SRL. A) Bracing against a scaffold

Suspension froin a w all ceiling C) Support froum the floor.

for safety, B)

7.2.3 Design and Control Issues

When performing a task, workers often need to change their posture and position.

Examples include picking up a tool from a nearby toolbox, working at a location

slightly away from the current position, and checking the side of anm object. In all
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of these situations, workers need to move sideways, turn, or bend down freely in

the vicinity of their current position. To be a useful aid for workers, the SRL must

support their weight without restraining their motion. The six active joints of the

SRL can provide users with a flexible body support that aids them in the execution

of a manufacturing task. The joints of the SRL can be controlled in diverse modes:

pure position-control mode, compliance-control mode, torque control mode, and non-

backdrivable mode. Combining these modes and assigning them to the individual

joints will allow the SRL to provide the human with various types of support that

can a) reduce the human gravity load, b) transport the body in a desired direction,

c) stabilize the body, and d) allow the body to move freely without constraints in

selected directions.

In Fig. 2B and 2C, the user is either suspended from above or supported from the

floor in order to reduce the weight-bearing effort. At a desired location the prismatic

joints of both SRLs may be left idle to save energy. If the gear ratio is large enough

to support the gravity load with friction, no energy is required for supporting the

human body. The non-backdrivable mode can save energy when supporting a gravity

load. A high gear ratio in the prismatic joints would also make it easier for the SRL

to lift and transport the user with position control. In Fig. 2B for example, the

human body can be moved sideways; elongating the left robotic limb and contracting

the right can move the user to the right and vice versa. See the supplemental video.

Once the worker reaches the designed height and lateral position, the prismatic joints

are switched off, and the SRL stops in that position (non-backdrivable mode).

While the two robotic limbs can support the human body, the specific SRL con-

figuration may be at an unstable static equilibrium. In Fig. 2C, for example, the

support offered by the SRL may collapse as the user rotates about the vertical axis.

This instability may be eliminated or alleviated with high stiffness control of the rev-

olute joints. More generally, the compliance with which the human body is supported

may be varied by coordinating the servoed joints based on compliance control. The

two revolute joints in each robotic limb are suitable for compliance control. Coordi-

nation of the four revolute joints will allow us to synthesize a desired compliance in
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the task space so that the human body may be supported with a desired compliance

in selected directions. In particular, the body should be supported stably and safely

but should not be over-constrained.

The stability of body support and the suspension compliance depend on the con-

figuration of the SRL, i.e. where the end effectors are secured to the surrounding

environment. Among multiple locations for possible bracing, the SRL should select a

desired configuration that allows it to support the human body most effectively and

efficiently. Unlike lower exoskeletons, where servoed joints are attached to the human

joints, the SRL is not kinematically constrained to the human limbs. The robotic

limbs can take an arbitrary configuration, independent of the human limbs. This

opens up the possibility of optimizing body support performance with respect to a)

support stability, b) reduction of human effort, and c) reduction of energy consump-

tion. In the following sections, we will focus on stability in supporting the human

body, presenting detailed analysis and synthesis of a stiffness matrix, including null

space stabilization and joint servo stiffness control.

7.3 Support Stability

7.3.1 Basic Formulation

Fig.3 shows a schematic of the SRL system with the right SRL attached to the right

side of the harness (Point A) and the left SRL to the other side (Point B). The

position of the center point of the harness is denoted Xh, Yh, Zh with reference to the

base coordinate system, 0 - xyz. Another coordinate frame, H - x'y'z', is attached

to the harness, and its orientation is represented by three angular displacements: roll

#x, pitch Oy, and yaw 0, relative to the base coordinate system. Let be the unit

vectors pointing in the directions of the harness coordinate axes x', y', z', respectively.

Concatenating these unit vectors in a 3x3 matrix we can write the compact expression

In, tI b] = Rz (Oz) Ry(0y) Rx(Ox) (7.1)
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where R.(<p) R (op) Rr(q3) are 3x3 rotation matrices about the x., y. and z

axes, respectively.

A'

AL

b

H

x

t B

Left SRL 01I

~1 
02Left Stick

E
x/o

Fixed point

4-

y

Harness

Xh

z

x

A 0

Right SRL

Right Stick

D
D XIo

Fixed point

Figure 7-3: Schematic of
D' is the projection of p)
plan(e; the revoluite joint

the SRL system, coordinate frames. and joint angles. Point

oint D, the fixed point of the right SRL, onto the A - z
angles are defined as 0. = ZA'AD' 0.. ZD'AD: the left

rev(olute angles are defined in a similar manner.

0

Each SRL has two revolute joints aidol one prismatic joint with joint displacements

denoted as 01. 02, la, respectively. The three joint variables form a "polar coordinate

systeum" relative to the harness coordinate frame H - /y as shown in Fig. 3. Each

SRL has a gripper or a clanip at the tip of the stick for securing its endpoilt to the

surrounding environmnent. For a given harness position and orientation and a given

localtion of the endpoint fixed to the environment, the joint angles of each SRL can

be obtained analvtically. Solving a simple inverse kinematic problem, we can write

themi as a vectorial functiomi:
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Oi

02 =(Xh, yh, Zh, Ox, y) z; Xo1 yo, Zo) (7.2)

13/

where xo, yo, zo are coordinates of the fixed point. Similar equations can be ob-

tained for both SRLs. Denoting the right SRL with the subscript r and the left SRL

by 1, we can collectively write the joint displacements as a vectorial function of the

harness position and orientation for given fixed points of both SRLs.

Orl

Or2

r3 r (Xh,yhZh,7Ox, Iy, z; Xro, yro, Zro) (73)

Oi 914h, Yh, ZhI X) Oy, z X101 y101 Z10)

012

l13

Assuming that the movable range of each joint is properly limited to avoid multiple

solutions to the inverse kinematic problem, the six variables of the harness position

and orientation Xh, Yh, Zh, #x, #, z completely determine the joint displacements of

both SRL limbs for given right and left fixed points, Xro, Yro, Zro and xio, ybo, zio. In

other words, the six variables Xh, y, Zh, x, #, #z provide a complete and independent

set of generalized coordinates that locate the system.

Differentiating the above kinematic equation yields the Jacobian matrix relating

infinitesimal joint displacements to infinitesimal harness position and orientation.

dg,

dq = Jdp, J = dp E 6x6  (74)
dgi
dp

where dp = (dxh, dyh, dzh, x IyIdz )T.

Fig. 4 shows all the forces and moments acting on the SRL system that produce

work. We assume that the sticks of the SRLs are massless and that the total mass of

the human body and the harness is m with its center of mass at xc = (Xc, Yc, zC)T. The
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Figure 7-4: Forces and moments acting on the SRL system.

human generates force f,, and moment Nh acting on the harness, which are collectively

represented as a 6-dimensional vector or wrench: F,, = (f, NT)T. The two revolute

and one prismatic joints of each SRL produce torques T1 , 72 and force f3, respectively.

These joint torques and forces are collectively represented as a 6-dimensional vector

T = (Tri, Tr2, fr-, T 1 , T12 , f 3 )T. The virtual work done by these forces and moments on

the SRL system with both sticks fixed to the environment is given by

SWork = mgze + F>5p + T T 6q (7.5)

Since the harness position and orientation p are generalized coordinates, it can

be written as

SWork = (mgeT + F i + T TJ)6p (7.6)
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where 6z, = eT6p with e = dzc/dp E R16. The system is statically balanced if,

and only if, the above virtual work vanishes for all 6p. That is,

mgez + Fh + JTTr = 0 (7.7)

The above equilibrium condition provides us with a basic formula for analyzing

effectiveness of body bracing, human efforts, and support stability.

7.3.2 Stability Analysis

The SRLs are required to stably support the human body. In this section we will

obtain the stiffness with which the body is supported, followed by its synthesis for

stabilization. In analyzing the body support stiffness we assume that the human does

not generate any force other than the gravity force of the body, Fh = 0. The objective

of bracing is to reduce the human effort. We consider the situation where the human

is relaxed at an equilibrium point.

Let P be an equilibrium harness position and orientation, and q be the correspond-

ing joint displacement vector. Consider small displacements from these equilibrium

coordinates:

Ap = p - p , Aq = q - i (7.8)

Note that, at equilibrium p, q, the static balance conditions are satisfied with joint

torques T:

mgez + jT7 = 0 (7.9)

Our objective is to obtain reference inputs and feedback control law of the SRLs

for stably supporting the body. To this end we consider that the joint torques are

controlled according to the following vector Hookean law:

- = T - KqAq (7.10)
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where Kq E R6x6 is a real, symmetric stiffness matrix in the joint space that can

be tuned with joint feedback gains. Positive feedback gains produce restoring joint

torques towards the equilibrium q.

Consider a potential function in the vicinity of the equilibrium point:

U = mgzc - iTAq+ 1 AqTKAq1)
2

The quasi-static stability can be examined with the second derivative of the po-

tential function:

d (dU ) T d
dp dp dp (mgez KqAq - T (7.12)

To execute the second derivative we need Hessians given by

Ade~ 82z~
dp A- &PJ&P EZ R6x6 (7.13)dp 19Pj9Pk

Hi 02q E 6x6 ,i =1, ..., 6 (7.14)

Using these Hessians and evaluating the second derivative of the potential function

at the equilibrium where T , we can find the stiffness matrix with which the body

is held in equilibrium.

d (!UTr
K~iA- U -(mngde, + JT J - jT
P) 'dp dp q K J JT)

6

K-(p) = mgEz + JTKqJ - i (7.15)
i=1

where E = Ezl, J= Jlp, and H = H p. Note that the above stiffness matrix

is represented in the p space, the coordinates of the harness position and orientation.

If this stiffness matrix is positive definite, the equilibrium is stable in the quasi-static

sense.
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7.3.3 Stabilization

Based on the stiffness matrix given by (15), this section addresses how to make the

SRL system quasi-statically stable. We consider two ways of making the stiffness

matrix positive semi-definite. One is to exploit the Hessian term, the third term in

(15), and the other is by the joint servo stiffness, the second term in (15). Combining

these two methods of stabilizing the stiffness matrix will lead to an effective means

of supporting the human stably.

Null Space Stabilization

The Jacobian matrix is not of full rank, i.e. det J = 0. This implies that there exists

at least one direction in the p space (one screw) in which displacement Ap does

not produce any joint displacement in q. In fact a rotation of the whole SRL system

about the axis connecting both fixed points D and E does not cause any displacement

in the joint space. See the rotation about the broken line DE, called the Ground Line

in Fig.4. Consequently, the joint compliance control cannot influence the stiffness in

this particular direction, which belongs to the Jacobian null space:

Apnull E N(J) (7.16)

This further implies that both the second and the third terms of the body support

stiffness KP in (15) are not of full rank:

6

det (JTKqJ - >IT i 0 (7.17)

The best we can do is to make the stiffness matrix positive-definite in the range

space, which excludes the rotation about Ground Line DE.

Remark The existence of null space also implies that there exists at least one

direction of joint torque vector that does not generate any force/moment (wrench) in

the p space. Such a joint torque vector is in the null space of the Jacobian transpose

[3],
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TnuiI E N(JT) = [R(J)]'

where R(J) is the range space of the Jacobian and [-]I represents its orthogonal

complement. This joint torque vector indicates an internal force/torque that does not

influence the static balance conditions. However, they do influence the body support

stiffness through the third term in (15): - _i

Since the rank of J is 5 at most configurations, the dimension of N(JT) is 1. Let

us write the null joint torque vector as

Tnull = Cftnull (.9
Itnull = tnull = (ti t2 t3 t4 t5 t6)

where a is a scalar. Substituting this into the Hessian term yields

6

allnlA a tif (7.20)
i=z1

Note that both ti and Hi are kinematic quantities, uniquely determined at each p,

the harness position and orientation. The 6x6 matrix aHnll provides the "tunable"

subspace where the support stiffness can be varied by tuning the joint torques in the

null space. The matrix Hnul may contribute to increasing or decreasing the stability

in the tunable subspace. Since parameter a may take both positive and negative

values, one can always use this Hessian term to improve the stability by selecting the

sign of parameter a.

Joint Servo Stiffness

The null-space stabilization with aHnul may not be able to stabilize all directions.

The joint servo stiffness given by the second term in (15) can be used for making

the system quasi-stable in the whole range space. Let Kpdes be a desired or target

stiffness in the p coordinate system, which is positive definite in the range space.

Assuming that the null-space stabilization is in place, we can write the conditions for

the joint servo stiffness to satisfy as
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JTKqJ = Kp-des - mgEz + cHnull (7.21)

Compared to the null space stabilization, the joint servo stiffness is more complex,

requiring active control of joint torques. It is wise to minimize the gains of the joint

servo loops, which can be obtained by using the pseudo-inverse of the Jacobian.

K (J T)#[Kp-des - mgEz + aHnul J# (7.22)

Note that this solution minimizes the norm of the joint feedback gain matrix:

JKqJ.

7.3.4 A Special Case

Before implementing the above stabilization algorithms on a prototype SRL system,

we discuss a special case which is of practical importance. One of the critical require-

ments for body support SRLs is to minimize the humanAA2s effort in keeping a body

posture. An ideal case is that the SRL completely supports the human weight so that

the human exerts no force and no moment, as assumed in the above analysis: Fh = 0.

This can be achieved at a particular configuration of the SRL, which turns out to be

useful in most cases. This section will discuss this particular solution.

Consider the case where both SRL sticks have the same length 1,3 = 113, and the

center of mass C is directly above the center of the harness at a distance h in the

direction of unit vector b, so that x, = Xh + hb. When the point C is below the

harness, the variable h takes a negative value. Furthermore, let us first assume that

all the revolute joints of the SRLs generate no torques, Tnr = Tr2 = T 1 = T1 2 = 0,

and the prismatic joints alone bear the gravity load. Under these assumptions the

only possible equilibrium exists when the center lines of the right and left SRL sticks

and the gravity force vector meet at a single point G, as shown in Fig. 5. At this

equilibrium, the SRL configuration is symmetric, and the points A, B, C, and H as

well as the fixed points of both SRLs are within the same vertical plane. Consequently,

Or1 = 0 r2 = 0, 0 r2 - 012 = 02, #x = oy = Oz = 0 and yc = 0. The prismatic joint
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forces can be found as

fr3 = f3 - 2 c
2 COS Or

The Hessian of z, is given by

E = diag(0,
OP Pk J

Cen r
0f ass

B

Xc

Left SRL X;
Stick z

X
E

0, 0, -h, -h, 0) (7.24)

G

C

h

H A

Right SRL
Stick

Ground D
Line0 Fixed point

Figure 7-5: Symmetric equilibrium configuration.

Furthermore, denoting the stiffness of both prismatic joints by ko, we can write

the joint stiffness matrix as

Kq diag(0, 0, ko, 0, 0, ko) (7.25)

since no revolute joint torques are generated. Substituting (23) - (25) into (15)
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yields

KP = mgE + k(J J- + 11J6) + Mg (cc 3r + c 6  (7.26)
3 J J6) 2 (COS0,2 COS 012R6)

where J3 and J6 are the third and the sixth rows of the Jacobian matrix:

J3 = d r3 . J1x6 ,1J 6 - d A (7.27)
dp dp

and the Hessians are given by

H3 (dr 3  66 H6 = (d1 13  E R6x6 (7.28)
dp dp ' dp dp

For 0 < 02 < 7r/2, the harness is suspended from a ceiling or a higher place.

Therefore, the system is stable. In contrast, for r/2 < 02 < -r, it becomes a type of

inverted pendulum, hence unstable. To stabilize the system the body support stiffness

matrix (26) is compensated with joint torques exerted at the revolute joints. First,

the null space stabilization is considered. The joint torques in the null space N(JT)

must satisfy the equilibrium conditions. At the configuration in Fig. 5, the null space

joint torques meet the following conditions:

Tri Ti1  0

Tr2 T 2  T2 (7.29)

fr3 fl = f3

2f3 cos 2 + 2 Tsin02 + mg = 0

where 1 = 1r3 = 113. With the joint torques of (29), the body support stiffness

matrix is modified to

KP = mgE2 + ko(JTJ 3 + .k'16) - f3(f 3 + H 6) - T2 (H 2 + H5 ) (7.30)

Note that joint torque 72 can take both positive and negative values as long as

it satisfies the last condition of (29). The positive joint torque, T2 > 0, results in
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stabilizing the body support stiffness in certain directions, as will be demonstrated

with numerical examples for a prototype SRL system in the following section. The

null space stabilization alone does not completely stabilize the system, but it reduces

the active feedback control effort for stabilization.

7.4 Implementation and Experiment

7.4.1 Prototype

A SRL- prototype (Fig. 6) has been developed in order to verify the load support

strategy and control architecture that have been derived and analyzed in the previ-

ous sections. The robot is worn with a backpack-like soft structure, equipped with

shoulder straps and a climbing harness. The bottom of the harness frame was shaped

to fit the hip bone of a user by using 3D printing technology. This 3D-printed socket

firmly secures the SRLs to the human, allowing for body support in all directions in

the range space, and improves the comfort of the user. The prototype is equipped

with two robotic limbs, having 3 DOF each. The locations of the revolute joints were

determined such that the center of the harness would be near the center of the total

mass, that is, Points C and H coincide.

Two rotational joints (actuated by Dynamixel Pro h54-100- s500-r servos, max

continuous torque: 20 Nm) are placed at the base of the robotic limbs. Their axes

intersect, forming an equivalent ball-and-socket joint. The third joint is prismatic

(actuated by Firgelli FA-05-12-18 linear actuators, max force: 666 N, stroke: 0.46

m), and allows the robotic limbs to extend and retract in order to contact the en-

vironment and support the user. The prismatic joints are not backdrivable due to

a high gear ratio, so that they can bear the human with no actuator torque. The

joint control loops run on microcontrollers in the robot base, while the high-level

control commands, including reference configuration, actuator reference torques, and

controller gains, are computed on a desktop PC and sent to the SRL.

The total weight of the robot is 13 kg. Power reaches the actuators through a
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Figure 7-6: Prototvpe of SRL systein worn by a human around the waist.

power cord. The robot can become tetherless with a wireless link and a battery pack,

resulting in an additional weight of 2kg.

7.4.2 Numerical Computation

Using the parameter values and the specifications of the above prototype system,

the body support stiffness is computed to verify the analytical results. Practical

conditions, such as actuator torque limits, are taken into account in the following

numerical examples.

First- we consider the symmetric configuration shown in Fig. 5. The eigenvalues
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Figure 7-7: Eigenvalues of Support Stiffness Natrix K, without stabilization control

at the symmetric configuration, eq. (26). Red lines and blue lines indicate the

maximal and mijinal eigenvalues, respectively. At the grey zone of 09 near 90".

the SR L system cannot hear the human gravity load due to structural strength and

actuator torque limits.

of the body support stiffness matrix given by (26) are plotted in Fig. 7 against joint,

angle 02, (0 r2 = 0/2). In this P1lot no stabilization control is considered. The sticks

can bear the human load with no actuator torque because of the non-backdrivable

actuators. The sticks are treated as rods with a high structural stiffness k >> 1, which

is equivalent to a high stiffness created by high gain joint scrvo in a quasi-static senise.

W~e first consider the case where the center of mass is located at the harness center,

h = 0.

As shown in Fig. 7. one of the einvalues is zero for all configurations, indicating
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that the support stiffness matrix Kp is singular. When the joint angle is less than 90

degrees, 0 < 02 < 7r/2, all eigenvalues are positive except for the zero eigenvalue. The

eigenvector associated with the zero eigenvalue reveals that the rotational motion of

the human body about the y-axis is not constrained. A simple joint feedback control

around the axes of 0,1, 01 can produce positive servo stiffness, making the entire

system stable.

z x
y

Ground Line
a) Unstable

c) Marginally stable

e) Unstable

B A

E D

b) Stable

d) Unstable

qw-
f) Stable

Figure 7-8: Deformation mode shapes obtained from the eigenvectors of the support
stiffness matrix Kp at the symmetric configuration with no stabilization control, h
0.

In contrast, the system becomes unstable for 7/2 < 02 < 7, having some negative

eigenvalues. Fig. 8 illustrates the 6 modes given by the eigenvectors associated with

Table 7.1: Eigenvalues and eigenvectors
tion control at 02 =1450.

of support stiffness matrix without stabiliza-
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mode a b c d e f
eigenvalue -980 133,550 0 -270 -380 77,580
eigenvector x 1 0 0 0 0 0

y 0 0 0 0 -0.3942 0.9190
z 0 1 0 0 0 0
# 1 (roll) 0 0 0 0 0.9190 0.3942
02 (pitch) 0 0 1 0 0 0
03 (yaw) 0 0 0 1 0 0

W -

W
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the individual eigenvalues, as listed in Table 1. The mode in the x-axis translation

is unstable; the SRL may fall in this direction. See Fig. 8a. The mode in the z-axis

translation is stable with a large eigenvalue due to the high structural stiffness of the

sticks (Fig. 8b). The mode of rotation about the y-axis is marginally stable with

zero eigenvalue (Fig. 8c). The z-axis rotation, on the other hand, is unstable; the

SRL tends to collapse as it rotates about the z-axis (Fig. 8d). The SRL also tends

to collapse sideways, as shown in Fig. 8e. This mode is a combination of the y-axis

translation and the x-axis rotation. In an orthogonal direction to the mode of Fig.

8e, the stiffness matrix possesses a positive eigenvalue (Fig. 8f). In this direction,

the sticks are compressed or extended, exerting a large restoring force with the spring

constant ko. These modes are called modes a through f.

Now consider the stabilization control to stabilize some of the unstable modes.

Mode a in Fig. 8 cannot be stabilized, since it is outside the range space; the SRL

system is free to rotate about the ground line. The remaining 5 modes are within

the range space and can be stabilized. For mode c, joint feedback control around

the axes of 0 ,1, 01 is required for generating positive servo stiffness, as in the case of

0 < 2 < 7r/2. Two other unstable modes d and e must be stabilized. It is interesting

to note that null space stabilization can contribute to the stabilization of modes d

and e.

Fig. 9 shows the eigenvalues of the support stiffness matrix with null space stabi-

lization based on (30). Both unstable modes d and e get closer to the stable region

with the null space stabilization. Comparison of the eigenvalues between Fig. 7 (with-

out null space stabilization) and Fig. 9 (with null space stabilization) indicates that

the two unstable eigenvalues in Fig.7, -270 and -380, are shifted to approximately

-10 in Fig. 9 around 02 = 145'. Positive torques applied to both 0r2 and 012 joints

increase the internal tension that tends to expand the closed-loop linkage comprising

the two sticks, the harness socket, and the ground line. See Fig. 8d. These joint

torques, although kept constant, generate resistive effects against collapsing move-

ments illustrated in Fig. 8d and 8e.

Null space stabilization alone cannot stabilize the system in the entire range space.
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Figure 7-9: Eigenvalues of Support Stiffness Matrix K, in the range space. The null

space stabilization moves the two unstable modes towards the stable range.

We need to add joint servo stiffness with the feedback gain given by (22). Fig. l0a

shows the eigenvalues of the support stiffness matrix due to the joint servo stiffness,

J1TKq J, and Fig. l0b shows the overall stiffness including both null space stabilization

and the joint servo stiffness control. All the modes were made stable except mode a,

which cannot be stabilized. The eigenvalues of the six modes at 02 =1450 are -546,

1695.4, 110.3, 1.4, 4.1, and 172.5, respectively.

The effectiveness of the null space stabilization varies depending on the configura-

tion, 02. If it requires a large toque, it may exceed the torque limit: 0 72 T2,max.

To quantify the effectiveness of the null space stabilization, the difference between

the matrix norm of the gain matrix without the null space stabilization and that with

the null space stabilization is evaluated for diverse configurations:

C =|K, no1u.4 4.ace |K, with nua space| (.31)

Ifthis value C is positive, the null space stabilization is effective. Fig. 1l shows the

value C against joint angle ,2. Note that the ull space stabilization works effectively

for larger 02.

131



a b

1 I

0 N

I I i

OL1

75 125 175 75 125 175

02 (deg] 02 [deg]

Figure 7-10: Eigenvalues of support stiffness matrix with full stabilization control. a)
Contributions of the joint servo stiffness alone. b) The total stiffness with both null
space stabilization and joint servo stiffness control.

The height of the total mass. h, plays an important role in stability. In particular,

the system can be stabilized if the harness center can l1e raisedI higher than the total

mass center, i.e. a negative h in Fig. 5. As given by (24). raising the harness center

yields a positive stiffness to tHe fourth and fifth diagonal components of the Hessian

E. These contribute to stabilizing modes c and e in Fig. 8. This arrangement

of SRLs is similar to "crutches" that iold the body under the arms. It is however,

cumbersome to raise the harness too high since it may interfere with the humanAA2s

upper body motion. It is a (esign trade-off b1etweeln stability and ease of' work.

So far., we have exained a simlple synumetric conifigurat ion case (Fig. 5) to

illustrate te effects of' tHie propose( stabilization techniques. However, (elpenlding

on the environment, such a svmnetric configuration niay not be allowed, or a non-

symnnetric configuration may providle -1a btter rcsult. The analytical formulation of

the problem preselted in this chapter is completely general, and can be applied to

any 3D configuration of the robot. As an example of 3D analysis, we now consider
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Figure 7-11: Effectiveness of conbined nill space stabilization and joint servo stiffness

compared to joint servo alone. Tihe gain iatrix lorl for the co11billed colitrol is

smaller.

all the possible left SRL configurations corresponding to a given right SRL position.

The length of both SRLs is fixed at l:i = 11:j = m: Fig. 12 plots the eigenvalues of

K1, fo every configuration in the workspace of the left SRL. Tie blue bar represents

the (fixed) configuration of the right SRL. Fig.12a shows the niinnnun eigenvalue

of K, when no stabilization control is used. To meet the equilibrium condition it

is assuIned that the human exerts a necessary force Fi. The system is unstable or

marginally stable for the entire configurations of the left SRL.

7.4.3 Experimental Evaluation

The stabilization control makes the systemn stable in the range space. Fig.12b) plots

the ininnun eigenvalue in the range space, which is positive for all the left SRIL

configurations. This plot not only shows that the system is stable but also indicates

the level of stability, i.e. the stiffness in the worst direction. Note that a large
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( i (b) (c)

Figure 7-12: Computations f'or 3D SR L configurations. The right robotic limb (blue
bar) isplaced at 0 ,1 = 6 0 r2 =4,adteleft rOl)OtiC hlm) 1spa5 da variOUs

locations within its workspace (which has the shlape of a hemiisphere, since the length
of the rolbotic limb is fixed). The base of the rolbot is rep~resentedI by a grey 1)ar. Plot a)
shows the minimum eigenvalue of KA when 110 stabilization control is ulsedl. This value
is not positive in the workspace, so the system is llnstable or marginally stable. Plot
1)) shows the minimum cigenvalue in the range sp)ace, when the stabilizing controller
(niull space and~ P control) is applied. The system has been stabilized everywhere.
and~ the stabilizationl is most effective when the robot is in a symmetric configuration

(lef't robotic limb rep~resellted1 by yellow bar). Plot c) shows the utility of null 5pace~
stabilization, which is adlvanltageoms when the lplottedl C values (eci. (31)) are p~ositive.

minimum eigenvalue is obtainled for the left SRL configuration shown by the yellow

bar in Fig. 12b. Fig. 12c commpares the feedback control effort with and without null-

space stabilization. Tme use of null-space stabilization is b)eneficial when the dlifferenice

in norms assunmes a large positive value. It can b)e nioticedi that null-space stabilization

should lbe used in many SR L configurations, especially when the two SR L sticks are

p)ointinig in opposite (directiolls. In these cases, the rolbot is able to exert much higher

internal forces without producing effects 011 thme overall balance of the system.

The stabilization of the SEL system has b)een tested at the symmetric, planar

configuration shown in Fig. 5 (O2 14(Y"). The exp~erinmental setup) is shown in

Fig. 13a. The end effectors of' the rob~ot are secured to the ground with 3D prinlted

ball-and-socket joints. which are free to iotate.

Without stabilization control. the b)ody sulpport stiffness matrix K, has three

lunstable (negative) cigenvalues, as shown in Fig. 13b. The x-axis tramislation (Fig.

13b-(1)) is unstable, and cammuot be stabilizedl. A cable with a soft serial sprinig

was used for preventing the SR L system from f'alling in thme x-axis direct ion duirimig

experiinmts. The objective of experimlellts is to stabilize modes d and e (Fig. 13b-(2)

amnd (.3)). Restorimng force and moment making these mlodes stable were measured to
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Figure 7-13: Experimental setup for stiffness tests.

evaluate the stifflness in each node.

Two control strategies were tested. First. the SRL system was stabilized using onily

joint servo stiflness control. Second, the mill space stabilization control was added to

the joint stiffness control using the sanme joint feedback gains as the first case. Fig. 14

shows the results. Fig.14a plots the restoring force against the y-axis displacement

(mode e). The straight lines represent the theoretical prediction based on the model

of the support stiffness matrix. The stiffniess without null space stabilization was

6.88 - 10: N in. whereas the stiffmiess with the mill space stabilization using constant

joint torques. ,2 = T = 10 Nm, achieved 8.66 - 1W N ill of stiffness.

Fig.14b shows the restoring mioment against rotational displacement about the z-

axis. Without the mill space stabilization, the rotational spring constant was 5.26. 102

Num rad, while the one with the mill space stabilization was 6.36 - 102 Nnm rad. The

use of constant null-space torques has a stabilizing effect on the SRL base. This can

be observed 1)th f1o the linear stiffness il tle y direction (which increases by 25%

with the addition of milull-space torques) and for the rotational stillness aroiMind the z

axis (which increases by 21%X with the addition of null-space torques).
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Figure 7-14: Experimental results of stiffness tests. Straight lines are theoretical
prediction, while dots are experiment. Blue is joint stiffness control only, and red is
combined stabilization.

The stabilization control can be incorporated into the entire SRL control system

for assisting a human in practical scenarios. Fig.15 illustrates a typical application

of the SRL system to aircraft assembly. The worker bends to reach a lower section

of the fuselage, taking a fatiguing posture for a long time (Fig. 15a). Similar tasks

can be found in many applications where workers have to work on large structures,

such as a ship, a building, or plant equipment. Crouching and standing repeatedly

are laborious. The SRL with two high-force prismatic joints can lift or lower the

human body, while securing its grippers to the floor beams. The human body can

be supported stably with the stabilization control. Although the movement in the

x-direction is unstable, the human not only supports the body, but also adjusts the

distance to the wall with his legs on the floor. See Fig.15b. All the other directions can

be supported stably with an appropriate compliance. Often the human has to change

the posture slightly, e.g. moving sideways (mode c) or rotating about the z-axis (mode

d). The stiffness of modes d and c can be tuned to provide the human with sufficient

stability as well as with freedom to change the posture. The stiffness demonstrated in

the above experiment was found to be adequate to meet these requirements. Unlike
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Figure 7-15: Typical application of body support with SRL system.

a passive stool. the SRL is capable of supporting the liunman with tuniable stiffness as

well as of lifting an1d lowering the hninaii in crouching aiid standing.

7.5 Conclusion

A third prototype of Superinumerary Robotic Limbs (SRL) with high-force prismatic

joits has been developed for supporting the weareraA' s body iin taking fatiguing

postures. or working in a dangerous einviromiiiient. The stiffness matrix with which

the body is supported has been analyzed. Two control methods f'or stabilizing the

body support have been preseited: the mill space stabilization using Hessian iiiatrices

and joint servo stiffness control based oii the Jacoblian. The two extra-jlimb structure

is kinemiatically singular, creating a null space where a particular combination of

joint torques does not disturb the balance of forces. Yet influences the stiffness and

quasi-static stability of the system. The joilit tor(les im the iiiill space can contribulte

to stabilizing the systemmi without active feedback control. The control 111ehods have

been implemented on a I)rototy)e SRL system. Unlike a standard stool or a passive
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body support gear, the SRL system can support a human with tunable body support

stiffness, so the human can change the posture freely and stably. With the active

joints the SRL can also lift or lower the body for assisting the human in crouching

and standing repeatedly.
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Chapter 8

Sitting/ Standing Assistance

8.1 Introduction

In this chapter, we present the fourth, lightweight prototype of the SRL (Figure 1).

This prototype capable of supporting the full weight of the user with a total mass of

just 3.5kg. This lightweight performance has been enabled by innovative materials,

joint design, and actuation choices (see Chapter 3 and Chapter 10).

We then develop a control strategy that supports the user during sitting and

standing motions. The reduced mass and volume of the robot are enabled by in-

novative design choices including advanced materials, efficient joint structure, and

high-performance pneumatic actuation. The assistive control strategy is tailored to

each individual based on their motion preferences, and allows the SRL to support the

user without getting in the way of his/her movements.

8.2 Technical Approach

We recorded the human motions involved in the sitting and standing process using

the Kinect Motion sensing system. We then created a rigid-body 2D model (in the

sagittal plane) of the human-robot system (Figure 2), and used it to compute the

torques required at each joint for the sitting and standing motions (Figure 3). In

the model, the human ankle, knee and hip are represented by points A, K and H
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Figure 8-1: (Left. Center) Wearing the robot prototype. The SRL is a wearable robot
that assists without getting in the way of the user. Kevlar parts are light yellow, while
carbon fiber parts are black. (Right) The task that we consider in this chapter. The
SRL assists a user while sitting and standing. Each robotic limb has two rotational
degrees of freedom at its base. and a prisniatic one along its length.

respectively. Since the SBL is worn through a )elt-like harness, we assume that its

support forces are applied to the hip of the wearer (point H).

In order to assist the user while sitting down and standing 1ll), the robotic limbs

extend backwards and make contact with the ground (at a distance d from the human

ankle). The robotic limlbs can only exert an axial force Fu. because the have a single

y
.-. :robot

\LT
mg

H

Lk
K

FR

A

d

-: human

FR, = mg

FR = mg /cos a

x

Figure 8-2: Mlodel of the hunian-robot system. with length and angle parameters.
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point of contact with the ground (through hemispherical end effectors realized in

rubber with a high coefficient of static friction). In this model, we assume the human

mass is concentrated at the Center Of Mass (COM) in the lower torso, and that the

mass of the robot is negligible (its weight is 3.5kg, or about 4% of the mass of a typical

user). We also assume there is no slip between the robot and its contact points with

the ground, and that the motion is completed slowly enough that static laws apply.

This is consistent with the slow pace of motion during manufacturing tasks, or during

everyday movements for elderly or rehabilitating subjects.

In the simplest assistive approach, the robot force fully compensates for the human

weight in the vertical direction (Figure 2). This allows us to determine the robot force

Fp required by every user configuration. Applying the model, we find equations for

the assisted and unassisted joint torques:

TT 0 + y mg tan(ce)
Tunassisted human [ Tassisted Tunassisted + Irobot

LMg JL-Mg

From the point of view of the design and manufacturing of the robot prototype,

our approach is innovative in three main areas. First, the prototype's structure is

entirely made of parts 3D printed using Kevlar and carbon fiber, with Nylon as filler

between the fibers. This manufacturing process was enabled by a collaboration with

MarkForged, Cambridge, MA. Second, the two rotational degrees of freedom at the

base of the robot are combined into a single ball and socket joint. The ball and socket

(made of carbon fiber) absorb all of the forces coming from the robotic legs, so that

the servomotors actuating them do not need additional shafts or bearings. Moreover,

axial forces coming from the robotic limbs pass through the center of the ball joint, and

do not generate any torque. This means that the linear actuators and the structure of

the robot bear the weight of the user, while the servomotors are only used to move the

limbs before contact and to compensate for disturbances. Third, the prismatic degrees

of freedom are actuated by pneumatic cylinders. These actuators, controlled by simple

on/off valves, produce enough force and move fast enough to provide assistance on
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a wide range of tasks, from weight support to balance support. Simple control laws

allow us to control the position and force of the pneumatic cylinders with sufficient

precision for locomotion tasks (see Figure 5).

8.3 Computing the assistive force during sitting/ standing

motions

Based on motion data gathered with a Kinect from 10 trials of sitting followed by

standing, we can find the joint and torque trajectories as a function of time for a

specific human subject (Figure 3). The mean is the red curve, while the standard

deviation is shaded in yellow.

Figure 3 displays the joints' position and torque when the subject is sitting down

and standing up without external help (unassisted case). In our assistive control

strategy, the robot follows the natural trajectory of the human (Figure 3, left plots)

but provides an assistive force - applied to the hip of the user - that compensates for

the human's weight (Figure 2). We are therefore able to compute the torques that
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Figure 8-3: (Left) Leg angles calculated from 10 trials of the Kinect for sitting followed

by standing. (Right) Torques at each joint calculated from the same Kinect data and

our Jacobian model. The red line represents the mean and the shaded yellow area

the standard devia-tion over the 10 trials.
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the human joints have to apply when the user is supported by the robot (assisted

case).

Comparing the assisted torques and the unassisted torques (Figure 4, left), it is

possible to notice that in some cases the assisted values exceed the assisted ones. This

happens when the robotic limbs are far from the vertical orientation (large values of

CV, Figure 2), and have to apply significant axial forces in order to compensate for the

full weight of the user. This results in the SR.L applying a large horizontal disturbance

to the hip of the user, that the natural joints are then forced to absorb. We modified

the force law such that the absolute value of the assisted torques never exceeds the

unassisted case (Figure 4).

The goal for the robot force law outlined above is to be able to map knee angle

# (measured in real time using a wearable accelerometer) to the corresponding robot

force as the user wears the robot. The real-time target force generation is shown in

Figure 5. Notice that since the robot's assistive force depends on the configuration

of the user (angle 0), the robot naturally follow any user motion without imposing

any pre-defined trajectory in time. We achieved fast, robust position control with the

Knee Torques Robot Force Profile

E -Unassisted -- -d=.2
z -Assisted, d=.2 -d=.3

80 Assisted, d=.3 200 d=.4
Assisted, d=.4 ~ d=.5

-Assisted, d=.5 C

z 100

40

20 0

0
10 _ _________1_

30 40 50 60 70 80 90 100 -10020 40 60 80 100
beta [deg] Beta [deg]

Figure 8-4: (Left) Torques at the knee, comparison of the assisted and unassisted
cases. Here, in the original force law, the assisted torques exceeded the unassisted
case, so we reduced the force past these crossing points such that the unassisted
values are never exceeded. (Right) Optimized robot force profile, which compensates
for the full weight of the user when this leads to smaller human joint torques in the
assisted case. When this does not hold, the robot support force FR is reduced until
the assisted torques are smaller or equal than the unassisted ones.
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Figure 8-5: (Left) Using a wearable accelerometer (circled in red) to measure knee
angle /3 and generate the target robot assistive force in real time. (Center) Knee angle
0 over time during a stand up / sit down task, and corresponding robotic assistive
force FR. (Right) Position tracking performance of the robotic legs (prismatic degree
of freedom), actuated with pneumatic cylinders.

pneumatic cylinders that actuate the linear degrees of freedom of the robot (Figure

5). By measuring the difference between the desired and actual joint position (the

pneumatic cylinder behaves like a spring), we can approximately control the assistive

force exerted by the actuators.

8.4 Conclusions

The support strategy described in this chapter is made possible by the light weight,

small volume and high comfort of our prototype. These features have been achieved

with innovative choices in terms of manufacturing technologies and materials (3D

printed Kevlar and carbon fiber parts), joint structure (composite ball joints absorbing

linear loads instead of standard metal shafts and bearings), and actuation technologies

(high-force, high-speed pneumatic cylinders with precise position control loop).

Using the Kinect sensor to analyze the sitting down/standing up motions of dif-

ferent individuals, we found that the optimal robot force profile varies from person

to person. Our method involves recording multiple trials with for each subject to

identify their individualized control law. This force profile will then be used to deter-

mine in real time the robot's assistive force FR as we measure the user's knee angle 13

with an accelerometer. This approach is personalized to follow the individual's pref-
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erences in terms of sitting down and standing up motions, and does not impose any

pre-planned time trajectory on the human joints. In other words, the robot follows

the configuration of its user by measuring the knee angle in real time. The support

force is then computed based on the user's configuration, so that the assistive needs

of the user are always met. This assistive approach enables the SRL to reduce the

effort of the user when sitting/standing. It also exemplifies a unique feature of this

novel kind of wearable robot: the ability of assisting the user without getting in the

way of his/her motions.
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Chapter 9

Balance Augmentation

9.1 Introduction

This paper presents a novel approach to balance assistance for human bipedal walking.

To demonstrate this concept, we employ the third prototype of the SRL (introduced

in Chapter 7) [67]. Unlike exoskeletons, the SRL is kinematically independent of

the human skeletal structure, and can therefore take an arbitrary posture to pro-

vide optimal assistance in coordination with human motions. Furthermore, unlike

crutches, canes, and other balance assistance equipment, the SRL can provide bal-

ancing support autonomously and thereby free the human arms from holding those

tools.

First, the new balance assistance strategy is described, followed by kinematic and

static modeling. Two gait patterns of the combined human and SRL are discussed,

including optimal gait synthesis that maximizes the area of support polygon. Finally,

the gait control strategies are implemented on the SRL prototype, using body motion

sensors to enable real-time, seamless coordination between the user and the robot.

9.2 Balance augmentation using extra limbs

Achieving and maintaining balance is an essential requirement for bipeds. All of the

modes of locomotion that bipeds can use - such as jumping, walking and running -
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are statically unstable. Although dynamic stability can be achieved by employing

various control strategies [831, trips, slips and unexpected disturbances can still cause

falls. Losing balance is a potentially catastrophic event for a biped, given the elevated

location of the center of mass.

These issues affect also human bipedal locomotion, and constitute a significant

risk for large parts of the population both in professional and domestic scenarios.

Data from the US Department of Labor [1], for example, show that the leading cause

of death for construction site workers are falls, accounting for 36.9% of total fatalities

in 2013. Another demographic subject to elevated risk of falls are the elderly. Data

show that for the 80+ population, the risk of accidental death due to falls is 90 times

higher than for people below 60 years of age [83]. Finally, many patients rehabilitating

from leg injuries or neuromuscular disorders are in need of balance assistance devices.

These patients would greatly benefit from the possibility of exercising their own leg

to walk, without worrying about falls and slips.

Due to the frequency of fall-related injuries in such a wide range of situations,

many approaches have been developed in order to assist and augment balance during

human bipedal locomotion. In construction sites, safety regulations [62] require the

presence of guardrails, personal ropes or fall protection systems whenever workers

are operating at an elevation higher than 1.8m. The drawback of these systems is

that they are limited to a particular area, and cannot protect workers as they change

location. Moreover, none of these fall prevention systems can ensure the safety of

workers operating on the ground or on slippery surfaces.

In the case of the elderly, the most common walking aid systems are canes, crutches

and walkers. Canes and crutches ensure static stability if used correctly, but require

subjects to dedicate one or both arms to the task of assisting balance. They also

require considerable arm force, speed and dexterity, which may not be present in

elderly subjects. Robotic crutches have similar limitations [34]. Operating walkers,

on the other hand, does not involve fatiguing or rapid motions. Robotic walkers can

intuitively follow the motions of the user [551. All walkers, however, still need at least

one user hand to guide them. Moreover, being based on wheels, they cannot follow
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subjects up or down stairs, on slopes, or on irregular terrain.

Rehabilitating or disabled patients can use crutches to assist their walking balance.

If leg strength is absent (in the cased of paralyzed subjects) or insufficient, subjects

can also employ leg exoskeletons to generate leg walking motions [79, 61, 45]. These

robots are powerful enough to achieve and maintain a correct, load-bearing nominal

walking gait. However, due to their limited degrees of freedom, they cannot guarantee

balance or reject disturbances such as slips and pushes. As a consequence, exoskeleton

users still need to rely on crutches for balance assistance. Furthermore, exoskeletons

(and particularly soft exosuits) increase loads on human leg joints [821, which could

be harmful for elderly patients with joint disorders or arthritis.

This chapter proposes a novel walking balance augmentation system, based on

the Supernumerary Robotic Limbs (SRL). We will present several control strategies

that enable the robot to assist balance during standing and walking, increasing the

surface of the region where the human-SRL system is statically stable.

This approach presents several advantages with respect to the traditional fall

prevention and balance assistance systems that have been reviewed above. Unlike

guardrails and ropes, the SRL is wearable and self-contained. It can therefore move

with the user in every location, providing assistance without interruption. Moreover,

the SRL does not require users to operate it with their arms. The whole upper part

of the human body (torso, head, arms, hands) is free to move independently, while

the SRL autonomously provides assistance to the legs during locomotion. This is a

significant advantage of the robot over crutches, canes and walkers. Another impor-

tant feature is that the SRL supports the user with additional legs, not wheels. It can

therefore negotiate with all of the obstacles that are easy to deal with during legged

locomotion (stairs, slopes, terrain), but would be problematic for a wheeled system

such as a walker or a wheelchair. Additionally, the SRL has the potential to reduce

human joint loading by supporting the user's weight. Finally, unlike exoskeletons, the

SRL leaves the user's legs free to move. This means that SRL users can freely conduct

their professional, domestic or rehabilitation activities, while the robot transparently

assists them by preventing falls or slips.
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9.3 Static balance assistance

9.3.1 System model

In order to augment human balance during walking and standing, the SRL can in-

crease the area of the support polygon of the user-robot system. The support polygon

is defined as the region on the ground where the center of mass must lie to achieve

static stability. The wider the support polygon, the easier it is for the system to

reach and maintain static stability. Bipedal locomotion is not statically stable, be-

cause the support polygon created by only one or two feet is so small that the center

of gravity does not always lie within it. The SRL can employ the additional robotic

legs to make contact with the ground, therefore enlarging the support polygon and

increasing the region where the system is statically stable. In the context of dynamic

walking, increasing the support polygon also leads to improved robustness with re-

spect to unexpected disturbances. Bipeds can fall more easily if pushed in directions

where they do not have any foot in contact with the ground. The presence of robotic

legs in directions that cannot be reached by natural legs would prevent such falls.

While increasing the support polygon, though, the SRL must avoid getting in the

way of the natural motion of the user's legs. The goal of the robot is to provide

assistance by seamlessly coordinating with the natural motion of the human, without

modifying or influencing them.

The reference scenario considered in this chapter is a human wearing the SRL and

walking on flat ground. We analyze the projection of the human-robot system on the

horizontal plane xy (Figure 1). The user is modeled as a hip segment (length 2Lb)

with two legs (each L, long) that move back and forth in the direction of walking

speed v. The user's legs touch the ground at points HR (right foot) and HL (left foot).

Lb is a constant parameter (measured to be 0.3m for the considered system), while

step length L, varies with walking speed (0 < L, < 0.4m). The SRL is modeled as a

base segment (coinciding with the human hip) with two legs that are able to contact

the environment in the intersection between the ground and the robot workspace.

Since the workspaces of the robotic legs are hemispheres, their intersections with
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Figure 9-1: The human-SRL model for static balance assistance. The model is a 2D
projection of the system on the horizontal plane xy. The thick black lines represents
the human hip and legs, and the user's left and right feet are respectively in HL and
HR. The thick grey lines represent the SRL legs, and the robotic end effectors are
in SL and SR. The thin grey semi-circles enclose the regions of the ground that the
SRL legs can reach. The dashed black line indicates the support polygon.

the ground are half circles (represented in grey in Figure 1). Point 0 represents

the projection of the center of mass of the human-robot system on the horizontal

plane. Frame xy, whose origin is 0, is the mobile coordinate system that we employ

to describe the configuration of the robot. The projections of the SRL legs on the

ground are identified by their length (dR, dL) and their angle with respect to axis x

(CER, CVL). The robot end effectors contact the ground at points SR (right) and SL

(left). The range of the SRL feet is determined by the maximum robot legs extension

(0 < dR dmax and 0 < dL < dmax)-
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9.3.2 Standing support optimization

We begin our analysis by considering the static case. The user is standing with both

feet on the ground, and the goal of the SRL is to maximize the support polygon of the

human-robot system (Figure 1). The SRL can achieve this objective by choosing the

positions where its end effectors are in contact with the ground. The only constraint

is that the configuration of the two robotic legs should be symmetric (aR = OZL and

dR = dL)- Symmetry is a desired property for the SRL configuration, because it

makes the robot behavior more predictable and similar to the motion of natural legs.

In Figure 1 the support polygon is indicated with a dotted line. It can be noticed

that the total support polygon is composed by two triangles (HLHRSL and HLHRSR)

with identical area. The base of both triangles is segment HLHR, joining the two

human feet. The equation of the foot-to-foot (FTF) line passing through the user

feet HL and HR is

LbX + Ley = 0 (9.1)

The left end effector of the robot is touching the ground at

L XSL 1L COs aL 1 (9.2)
ITSL- -- [92

YsL Lb + dL sin aLJ

Therefore, the distance between point SL and the FTF line can be expressed as

dftf,L ILbXSL + LsysLI (9-3)
/L2 + Ls

The total area A static of the support polygon is the double of the area of triangle

HLHRSL, and can be computed with the following expression

Astatic = 2 [ 2 L2 + L2) dftf,L (9.4)

Substituting Eq. 2 and Eq. 3 into Eq. 4 yields

152



A static = 2 LbdL COS aL + L, (L d( sb n a L) (

, which represents the relationship between support polygon area, step length L5 ,

SRL leg length dL and SRL leg angle aL-

Comparing Eq. 3 and Eq. 4, it is evident that maximizing Astatic is equivalent to

maximizing dftf,L. In other words, increasing the support polygon area is analogous

to increasing the distance between the SRL end effectors and the FTF line. This is an

important observation, because an unaided biped cannot compensate for disturbances

perpendicular to the FTF line. Therefore, the presence on the ground of robotic feet

not aligned with the human feet (dftf,L > 0) enables the system to compensate for

disturbances in any direction, without the need for taking corrective steps.

Figure 2 shows the effects of parameters dmax (the robotic legs range) and L,

(the human step length) on the support polygon area Astatic in the static standing

configuration. It can be observed that the support polygon increases with both dmax

and L,. Moreover, given any particular couple of values for dmax and L5 , it is possible

to compute the value of SRL stepping angle aLmax that maximizes the polygon

of support. The set of parameters (dmax, LS, aL,max) uniquely defines an optimal

configuration for the human-SRL system.

9.4 Gait sequences optimization

The goal of the SRL is to aid balance during walking by providing the user with

two additional robotic legs that coordinate with the motion of the human legs. This

situation is markedly different from the walking strategy of quadrupeds, because here

human and robotic legs are organized hierarchically. In particular, the user legs act as

"leaders" and dictate the scale and pace of the walking gait. The robotic legs, on the

other hand, behave like "followers", constantly monitoring the activity of the human

and adapting to it in order to augment balance and compensate for disturbances.

A full human walking cycle (Figure 3) is composed of two double support (DS)

and two single support (SIS) phases [Perry]. During double support, both feet are
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Figure 9-2: The support polygon area in the static configuration as a function of the
dmax, L, and atL. In the left plot, L, = 0.3m. In the right plot, dmax = 0.75m. The

black circles indicate the values of GL which maximize Astatic once dmax and L, have

been fixed.

in contact with the ground. During single support, only one foot is on the ground,

and the other leg swings forward to make the next step. While the human natural

gait is well defined, the kinematic independence of the SRL gives us the possibility of

developing new, optimal behaviors for the system. In this chapter, we will consider

two different gaits for the robot. The first one creates the widest possible support

polygon when both human legs are on the ground. The second gait generates smaller

support polygons, but allows having three contact points with the ground in every

phase of the walking gait (even when there is just one human foot on the floor). It is

important to point out that these gaits concern only the SRL. The underlying human

walking cycle is the same. In other words, the user is free to walk with a natural,

unconstrained gait, while the robot coordinates with it in different ways according to

the desired form of assistance.
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9.4.1 4-2 Gait

User: 10% DS 40% SIS 10% DS 40% SIS
10% DS 40% SIS 10% DS 40% SIS

I

0.1T 0.5 T 0.6 T
td R lift L

Figure 9-3: Structure of the 4-2 walking gait. The notes in bold at the bottom indicate

when the SRL legs touch down (td) or are lifted from the ground.

HL

L b
117e

SL

aL

0

'I
V

HR

SR,original

SRR

SR

Figure 9-4: Scheme of the SRL taking a new step during the 4-2 gait.
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The goal of this gait to maximize the area of the support polygon, reproducing

during walking results similar to those obtained in the static case. Figure 3 shows

the phases of this strategy. During phase 1, both human legs and both robot legs

are on the floor. This enables the realization of the widest possible support polygon.

The drawback is that, during phase 2, both a human leg and a robotic leg need to

swing forward to make the next step. Therefore, in phase 2 there are only two feet

on the ground (one human and one robotic), and the support polygon degenerates to

a line. Phase 3 and phase 4 are analogous to phase 1 and phase 2, but with swapped

sides. This gait derives its name from the total number of human and robotic legs in

contact with the ground in the different phases of a walking cycle (4-2-4-2). Besides

the large support polygons realized in phases 1 and 3, the benefits of this gait include

its simplicity and its low speed requirements for the swing of the robot legs. The 4-2

gait is simple because the SRL mirrors the human movements, advancing with its

left leg when the human puts forward the right leg and vice versa. The fact that the

robot moves together with the human, moreover, means that the SRL legs must only

swing as fast as the human legs. The disadvantage of this gait lies in the instability

of the direction perpendicular to the degenerate support polygon (phases 2 and 4).

The timing of the robot legs motions during the 4-2 gait is straightforward (Figure

3). We now need to define the locations where the SRL feet contact the ground (Figure

4). The results derived for the static case in the previous section are not applicable

here, because in general it is not possible to achieve a symmetric configuration in the

x direction (dR = dL and aL = aR) during walking. Let us consider an example,

displayed in Figure 4. The scheme shows the configuration of the human-SRL system

during phase 1. It is evident that the right SRL leg is stretched behind in a non-

symmetric position.

This happens because, if the SRL makes a smaller step than the human (XSR original

XH., where SR,original is the location of the SRL foot when it touches the ground), its

end effector is left behind when the human makes a new step (XSR < XHL, as shown

in Figure 4). As a consequence, the support polygon changes its shape and area. In

the situation shown in Figure 4, the left leg triangle (HLHRSL) is the same as before,
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while the right leg triangle (HLHRSR) has been modified by the new end effector lo-

cation. Assuming that left and right robotic legs touch the ground in corresponding

configurations (dR,oriinal = dL and aRoriginal 7 - aL), the position of point SR is

given by

XS [ XSR 1 -2L + dL COS aL (9.6)
YSI?, -L - dL sin aL

The equation of the FTF line is the saie as before (Eq. 1). Therefore, the
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Figure 9-5: The support polygon area in walking gaits 4-2 and 3-3 as a function of
dmax and aL. In all of the plots, L, = 0.3m. The black circles indicate the values of

aL which maximize Awalk,4-2 and Awalk,3-2 once dm1ax and L, have been fixed.
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distance between point SR and the FTF line can be expressed as

f tfR LbTSR + LsysR

The area AL of the left leg triangle is half of the value in Eq. 5. Using Eq. 7, it

is possible to identify also an expression for the area AR of the right leg triangle

AR

E
4..

- IL(2Ls dL cos a L) + L,(Lb + d sin L)
(9.8)

AL = ILbdL COS aL + L,(Lb + dL sin aL) I
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Figure 9-6: The support polygon area in walking gaits 4-2 and 3-3 as a function of
L, and aL. In all of the plots, dma, = 0.75m. The black circles indicate the values of
aL which maximize A1c, alk,4-2 and Aivalk,3-2 once dmax and L, have been fixed.
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The sum of these two areas gives the total surface of the support polygon during

phase 1 and phase 4:

Awalk,4-2 AL + AR (9.9)

Figure 5 and Figure 6 show how Awalk,4-2 varies with dmax, L, and aL. As in the

static case, the support polygon surface increases with dmax and L,. Once these two

parameters are fixed, the value of angle aL that maximizes Awalk,4-2 can be easily

found numerically. However, these plots also present differences with respect to the

static case. As previously discussed, during walking the lengths of the two SRL legs

are generally different. Given that the length of the left robotic leg is dL, the length

of the right robotic leg (in phase 1) is

dR X2- + Lb) 2  (9.10)

Which, substituting Eq. 6, leads to

dR = f--2L, + dL COS aL) 2 + (-dL sin aL) 2  (9.11)

For example, in the case of Figure 4, the length of the right SRL leg is bigger than

the length of the left SRL leg. This means that, if we set dL = dmax, the right robotic

leg exceeds the limit length (dR > dmax). In these cases, the length of the longer

SRL leg is clipped, and the length of the shorter leg can be computed substituting

dR= dmax into Eq. 11 and solving for dL:

ad d2L + bddL + cd = 0 (9.12)

where the coefficients are { ad 1

bd - -4L, cos aL (9.13)

Cd= 4L2 -dS max
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Figure 5 and Figure 6 show the values of dL that can be achieved for the con-

sidered values of dma , L, and aL. The gaps correspond to solutions that cannot be

geometrically achieved. The considered range for OZL is 0 < CVL 7/2, because the

goal of the human-robot system is to step ahead in the walking direction.

9.4.2 3-3 Gait

00.D

User: 10% DS _ 40% 55 10% DS 40% SIS
SRL: 30% SIS 50% SIS 20% SIS

time~ I I I I I

0 T 0.1 T 0.3 T 0.5 T 0.6 T 0.8 T I T
td R, lift L td L, lift R

Figure 9-7: Structure of the 3-3 walking gait. The notes in bold at the bottom indicate

when the SRL legs touch down (td) or are lifted from the ground.

The gait that we considered so far (4-2) is capable of realizing wide support

polygons when all of the four legs of the human-SRL system are on the floor. However,

when only two legs (one human and one robotic) are in contact with the ground, the

support polygon degenerates to a line and the system cannot be statically stable or

compensate for disturbances perpendicular to that line. In order to overcome this

limitation, we developed a gait that aims to keep at least 3 points of contact with

the ground at any point in the walking cycle (hence the name: 3-3). Figure 7 shows

the phases of the 3-3 gait. In this new walking pattern, the robot does not act

synchronously with the human anymore. Instead, the SRL swings forward in order

to realize a support polygon with finite area even when only one human foot is on the

ground (phases 2 and 4). The drawback is that this strategy leads to a reduction of

the support polygon when both human feet are on the floor (phases 1 and 3; compare
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Figure 9-8: Scheme of the SRL taking a new step during the 3-3 gait.

with 4-2 gait). Note that, in Figure 7, phase 2 and phase 3 are only instantaneous (one

robotic foot is lifted as soon as the other one touches the ground). The length of these

phases, however, can be modified by increasing the time when both robotic legs are

on the ground (this would require faster actuators, see section on implementation).

The advantage of the 3-3 gait is that, as long as 3 legs are in contact with the

ground, the system can be statically stable and it can also react to disturbances (e.g.

pushes, or slipping) in any direction. However, this gait is more difficult to realize

than the 4-2 gait, because it requires a more complex coordination with the human

(time line in Figure 7) and it needs robotic legs fast enough to swing in front of the

human legs (phase 2 and 4).

In order to optimize the 3-3 gait, we need to identify the locations where the SRL

end effectors must touch the ground in phases 2 and 4 (Figure 7). A scheme of this

scenario is represented in Figure 8. This drawing corresponds to phase 4 in Figure 7.

The left SRL leg has just touched the ground (point SL), and defines the polygon of

support together with the right SRL foot SR and the left human foot HL. Note that
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the right SRL foot initially touched the ground at SR,original, defined with respect to

the mobile coordinate frame xy. The equation of the robot foot-to-foot (robot FTF)

line, which passes through both SRL end effectors, is

asis x + bsis y + csis = 0 (9.14)

Where the coefficients have the following expressions

asis = Lb + dL sin aL

bsis =-Ls (9.15)

Csis = LsLb + LsdL sin aL - (Lb - dL sin aL)dL Cos aL

The position of point HL is

11IL - - (9.16)
YHL Lbj

and its distance from the robot FTF line can be found as

| asis XHL + bsis YHL C-s (9.17)
-a~~ +b 2.

slis + bis

The support polygon consists of triangle SRSLHL. Its base, segment SRSL, has

magnitude

SRSL| =2 /Ls + (Lb - dL sin L)2 (9.18)

The surface of the support polygon can be found substituting Eq. 16 into E. 17

and combining it with Eq. 18. The expression of the support polygon area in phases

2 and 4 is thus given by

1
Asis = -| SRSL|| dsis = bsisLb - Csi (9.19)

2

The configuration of the human-SRL system changes during phase 1 and phase 3.

Both of the user's feet are on the ground, but only one SRL end effector (for example,
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point SL in phase 1) is in contact with the floor. The equation of the FTF line is the

same as in the previous section (Eq. 1), while the position of the SRL foot on the

ground is

XSL [-Ls + dLCOS L (9.20)
dL Sin OZL

Computing as before the distance between point SL and the FTF line, it is possible

to find the following expression for the support polygon area

Ad, Lb (--L, + dL Cos aL) + LedL sin 9L .21)

Since in the 3-3 gait there is a non-degenerate support polygon in every phase, we

chose their average area as the metric to be maximized

A8 i8 + Ad8 (922
Awalk,3-3 - (9.22)

2

Figure 5 and Figure 6 plot the behavior of Aavg,3-3 as a function of dmax, Ls

and aL. The same considerations as in gait 4-2 hold with respect to dL (its length

is reduced when the other SRL leg reached the limit length dmax). Figure 5 shows

that, as expected, Aavg,3-3 increases with maximum SRL leg length dmax. However,

it is important to point out that, unlike in gait 4-2, Aavg,3-3 decreases as L, increases

(Figure 6). In other words, smaller user steps lead to larger polygons of support when

the SRL is employing gait 3-3. The intuitive reason for this result is that, with small

values for L,, the support polygon is not "stretched out" between distant points Sft

and SL, and therefore Ai, increases. As before, once dmax and L, are defined the

optimal value for aL (the one which maximizes Aavg,3-3) can be found numerically.
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9.5 Implementation

9.5.1 Space and time scaling

The relevant parameters for the calculation of the trajectories and timing of the SRL

motions are Lb, dmax, L8 , aL and T. Half hip width Lb is a constant defined by

the size of the user and the structure of the robot. Maximum SRL leg length dmax

(on plane xy) also depends on the design of the robot. The linear actuators in the

SRL legs have a maximum length of Lmax = 1.25m. Since the human hip height is

hhuman = Im in our case, the value of dmax can be found as dmax = Lla - human

During natural human walking, step frequency f, step length L. and walking

speed v are related by

{ f=CVB 
(9.23)

v =2L, f

where B and C are constants [7]. The value of B is 0.58, while the value of

C has been estimated to be 2.22 in our case. By attaching an accelerometer to the

lower thigh of the user (see the results section), it is possible to measure the time T

between to successive touch downs of the same human foot. Once the value of T is

known, the walking frequency is obtained as f = 2/T. Substituting this value into

Eq. 23 and rearranging their terms, it is possible to compute all of the other relevant

walking parameters

{ -= (c-1f)1/B 
(9.24)

L. = IC-1/Bf(1-B)B

At this point, it is possible to compute both the timing of the SRL motions (Figure

3 and Figure 7) and the optimal end effector placements for the robotic legs (Figure 5

and Figure 6). Note that the only value that needs to be updated is T. All the other

parameters follow from T and known constants. The robot behavior is updated every

time the human takes a new step. This allows for a reactive, seamless coordination

of the SRL with the motion of the user.
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Figure 9-9: Example performance of the step detection algorithm. The blue curve
is the signal measured by the accelerometer on the user's right leg (normalized di-
viding by g). The red vertical lines indicate the moments where a step has been
detected. The algorithm works correctly on the whole walking speed range (from
0.5mph0.22m/s at t = Os to 1.5mph=0.67m/s at t = 35s).

9.5.2 Experimental results

The steps of the user are detected using a simple one-axis accelerometer strapped to

the lower thigh of the right leg. Figure 9 displays the filtered accelerometer signal

(Butterworth filter, second order, 2Hz cutoff frequency) and the step detection results

(each red star indicates a step). When the user is standing still, the accelerometer

reads about 0.9g (where g is the gravitational acceleration). When the right human

leg is lifted to take a new step, the accelerometer signal decreases in value. This value

then increases abruptly due to the impact of the foot with the ground. It is therefore

simple to detect the stepping instant as a local minimum in the accelerometer signal.

Figure 9 shows correct step detection over the whole range of considered walking

speeds.

Finally, the video attachment to this chapter shows the SRL coordinating with

the user and providing balance assistance during walking. The robot is estimating

the human walking period, and computes from this value all of the parameters that

are needed to generate motion trajectories. It then realizes gait 4-2, augmenting the

polygon of support of the human and improving the disturbance rejection capabilities

of the human-SRL system. The robot can rapidly and seamlessly adapt to different

walking speeds. The user is free to choose the walking speed and to vary it, while the
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robot detects every change and adapts to them during the following walking period.

9.6 Conclusions

The SRL has been employed to enhance the balance and disturbance rejection ca-

pabilities of the user during standing and walking. We developed a model of the

human-SRL system, and used it to determine the best robot configuration during

locomotion. Two gaits have been identified for the robot: the first one (4-2 gait) aims

to maximize the instantaneous support polygon. The second one (3-3 gait) aims to

maximize the average support polygon during the whole walking period. Combining

these assistive strategies with real-time detection of user motion, the SRL is able

to seamlessly coordinate with the user, providing assistance without interfering with

natural motion.
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Chapter 10

Conclusions

10.1 Robot design

In this document we detailed the design, realization and control strategies of a fully

functional Supernumerary Robotic Limbs (SRL) prototype. From the mechanical

design point of view, the main challenge was to realize a system with the ability to

support the full weight of an adult user, while maintaining its mass below 3.5 kg.

This constraint was met with four separate innovations: the kinematic structure of

the robot, the ball and socket joint design, the unconventional actuation technology

chosen for the prismatic joint, and the adoption of a new manufacturing technique

for the structure of the device.

The kinematic structure of the robot consists of two robotic limbs with three

actuators each (two rotational ones and a prismatic one). The axes of the three

actuators intersect into a single point (the center of the ball at the base of the limb).

As a consequence, the linear forces coming from the robotic limb and oriented like

its axis will not generate any torque on the two servomotors. If this assumption

is satisfied - the control algorithms presented in Chapters 5, 6 and 7 find optimal

solutions in this sense - then the required torques for the servomotors can be reduced

to smaller values, and we can select lighter rotational actuators.

The ball and socket joint at the base of the robotic limbs has been designed to

absorb the forces coming from the contact with the ground, without overloading the
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shafts and bearings of the servomotors. The lightweight structure of the joint is simple

to assemble and maintain, and avoids the use of heavy, bulky ball bearings and metal

shafts. Moreover, the ball joint is directly actuated by the two servomotors through

a simple bracket mechanisms. The control and maintenance of this architecture are

very simple. Unlike most biomimetic ball joint designs, we do not need any nonlinear

mechanisms with cables or push-pull rods to control the orientation of the sphere.

Conventional actuation technologies for prismatic joints (electric linear motors,

pneumatic actuators) did not allow us to meet our strict weight, speed, force and

comfort (low noise) requirements. Therefore, we selected pneumatic cylinders to

extend and retract the robotic limbs. The choice of pneumatic actuation allowed us

to meet all of the performance targets. Adding a lightweight, inexpensive compressed

air canister to the base of the robot, the system would not need any compressor

or external power source. The position of the prismatic joint is measured with a

magnetic potentiometer, and controlled with a 5/3 pneumatic valve and a simple

switching algorithm. The speed and accuracy of this control system are suited to

provide assistance during locomotion tasks, such as dynamic walking or sitting and

standing. Additionally, since the default configuration of the valve locks the cylinder

in place, keeping a constant position (and providing a constant assistive force) do not

require any additional power. Finally, using a pneumatic cylinder means that the

prismatic joint is naturally compliant. This avoids impacts when the robotic limbs

make contact with the environment, and increases the safety of the device and the

comfort of the user.

The structure of the robot is entirely realized in composite materials. Where

possible - in the robotic limbs and in the back of the base of the system - we employed

standard carbon fiber tubes. When we needed custom parts, we used MarkForged's

3D printing technology. This manufacturing technique allows to fabricate parts using

carbon and Kevlar fibers, with a nylon filler. The position and orientation of the

fibers can be chosen by the designer, in order to increase the resistance of the parts in

particular areas. With this technology we were able to design and manufacture parts

with mechanical strength comparable to aluminum, and with a 75% weight reduction.
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Besides its light weight and assistive capabilities, other features of the SRL pro-

totype are its small volume and its wearing comfort. Because of the simplicity of its

harness - there are only three buckles to tighten - the robot can be worn in a few

seconds, without any external assistance. Moreover, the extensive padding and the

weight distribution of the system (the COM of the robot is located just below the

COM of the user) make it comfortable to wear for extended periods of time. These

features enable users to wear the SRL over their regular clothing, and benefit from its

assistive capabilities. In particular, the SRL has been designed to help manufacturing

and construction workers, elderly people, and rehabilitating patients.

10.2 Task-oriented assistance

The independence of the SRL enables its robotic limbs to provide optimized assistance

in several situations, which can be divided into static, quasi-static and dynamic tasks.

When the user is in a static configuration - maintaining a fixed position like standing,

or being crouched down to work on the floor - the SRL needs to compensate for his

weight, and to stabilize his posture. In order to achieve these results, we developed

the bracing strategy. The robotic limbs make contact with the environment, and use

it as a support in order to provide assistive forces to the user. If the sum of the

forces exerted by the robotic limbs on the user is a vector equal and opposite to his

weight, the robot is effectively supporting the human body by pushing or pulling on

the available contact points with the surrounding environment. The bracing strategy

can also be used to provide assistance in delicate or dangerous manufacturing tasks.

For example, the SRL can firmly hold a drill bit support against a surface, indicating

to the user where to drill a hole and at the same time stabilizing and supporting the

drilling operation. While one robotic arm positions and hold the drill bit support,

the other one employs the bracing strategy to increase the force that holds it in place.

This process does not require any active force generated by the user, who is free to

concentrate on the drilling operation without worrying about the positioning or the

stability of the drill bit. Finally, the bracing strategy can be employed to generate a
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custom virtual stiffness matrix at the hip of the user. By making contact with the

ground and using a combination of reaction forces and null-space forces, the SRL

is able to stabilize the user along some directions of motion, while leaving him free

to move along other directions. This is very useful in the manufacturing tasks that

require workers to focus on a particular movement - for example, pushing the power

drill forward in order to drill a hole - and suppress all of the others - in the example,

any deviation from the linear pushing movement would break the drill bit or ruin

the hole. In this case, the custom impedance generated by the SRL can constrain

the unwanted body movements, while leaving the user free to perform the intended

action.

The second category of tasks that can be assisted by the SRL are quasi-static

operations. In these tasks, the configuration of the body changes slowly. Therefore,

accelerations are small and the task can be modeled as if it was a sequence of static

snapshots. We used this approach to model the sitting down and standing up move-

ments. In this case, the goal of the SRL is to compensate for the weight of the user

as he/she switches from a sitting to a standing configuration and vice versa. Because

the configuration of the user is continuously varying between the initial and final po-

sitions, the robot must adapt its support force to the movements of the human. For

this adaptation to be seamless, we need wearable sensors that can robustly measure

the configuration of the user. We employed an IMU worn on the thigh of the user, and

measuring the inclination of that body segment with respect to gravity. This piece of

information is enough for the robot to reconstruct the configuration of the user and -

under static equilibrium assumptions - to compute the desired assistive force for that

configuration. The robot also computes the torques at the natural joints of the user,

and decreases its pushing force if these torques exceed the normal values recording

during sitting and standing. This way, the robot is able to modulate its action so

that its effect is always beneficial to the user.

The third category of tasks for which we developed assistive control strategies

are dynamic movements. In particular, we focused on dynamic walking because it

is one of the most common and useful human activities, and it presents significant
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risks of falls for the elderly population. In this case, we developed an innovative

balance assistance strategy that makes use of the unique feature of the SRL - having

two independent robotic limbs - in order to increase the support polygon of the user.

The support polygon is the area defined by the points of contact of the user with

the ground. Normally, this is just the area between the user's feet. If the projection

of the human COM on the ground falls outside of this area, the person falls (under

static assumptions). Therefore, a larger support polygon means that the user is more

stable and more robust to disturbances while walking. We developed optimal gaits in

which the robotic limbs coordinate with the human legs with the goal of maximizing

the support polygon during walking. This new solution to the problem of balance

assistance is enabled by the independence of the robotic limbs. The user wears an

IMU just above the knee. This sensor is employed to measure the stepping frequency

of the human. Therefore, the robot knows when the human is stepping - and which

natural leg is touching the ground. With this method, the SRL is able to seamlessly

coordinate with the user, adapting to different walking speeds.

10.3 Voluntary control

Is it possible for a human to learn to control additional limbs as if they were part of

his own body? This is the fundamental question that guided the research presented

in this thesis. While the first chapters of this document focused on the design of

the prototype and on the development of task-specific strategies, the final chapter

analyzes a human-machine interface that is able to achieve voluntary, independent

control of the robotic limbs. In order to control extra limbs, we first needed to identify

suitable independent signals that could be used as inputs to the robot. The methods

usually employed to control robotic systems - buttons, levers, speech, motions, etc. -

are not suitable for the SRL, because they require users to AAIJre-assign AA one or

more natural degrees of freedom to the control of the wearable device. For example, if

we used arm motions to control the movements of the SRL, then users would have to

sacrifice one or more degrees of freedom in their natural arms in order to govern the
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behavior of the artificial limbs. Such a trade-off would clearly miss the point of using

a wearable system like the SRL, whose goal is to increase the number of available

degrees of freedom rather than reducing or re-routing them. For this reason, we

chose to employ electromyographic (EMG) signals from the torso muscles to control

the robot.

Torso muscles present several advantages that make them suitable to generate

independent control signals for the SRL. First, torso muscles can be co-activated in

combinations that do not generate any motions of the body (they belong to its null

space). This is analogous to the co-contraction of the biceps and triceps muscles at

the elbow joint (their co-contraction does not generate any motion), but in a higher-

dimensional muscle space. Moreover, torso muscles can be activated without moving

the natural limbs. This enables the user to control the robotic limbs independently,

without influencing the posture of the rest of the body. We implemented this control

strategy by using the activation of the pectoral and abdominal muscles to generate

movement commands for the SRL in a simple velocity control architecture. All of

the subjects of the experiment learned to control the additional robotic limbs within

minutes, and achieved high tracking performance. Additionally, the subjects were

able to perform a complex tracking task using four limbs simultaneously -two natural

arms and two robotic limbs. Their performance in this complex task was superior

to the results that they would have obtained simply by activating one limb after

the other, sequentially. This means that subjects learned to coordinate the motion

of the natural and artificial limbs, mastering a new motor skill that would not have

been possible using exclusively the natural body. These results were achieved without

influencing the other degrees of freedom of the body: during the experiment, subjects

were standing (they did not move their legs) and they kept their torso and heads

relaxed. Therefore, the motion of the robotic limbs was controlled in a voluntary and

independent fashion.

The main limit of this approach is that tracking performance decreases as the

number of additional limbs increases. However, subjects also show faster learning

rates and performance improvements when they are asked to control the robotic
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limbs and the natural arms simultaneously. This learning process is similar to the

motor skill acquisition process that takes place every time a human learns to perform

a new task or to use a new tool. This indicates that if we provide SRL users with a

simple control interface that enables them to effortlessly generate independent control

signals, they can quickly learn to control the additional limbs in the same way they

learn new motor skills.

10.4 Future research directions

The SRL project presents several promising future research opportunities. In terms

of task-specific control strategies, we need to increase the number and variety of

situations for which the robot has optimal behaviors. For example, in dynamic loco-

motion, it would be very interesting to make the SRL able to follow turning motions,

or to assist users when walking up or down the stairs. Another promising research

direction focuses on finding a robust way for the robot to decide which of the optimal

behaviors in its library is best suited to assist the user in a particular situation. The

grand vision for this control architecture is to realize a robotic system that is able to

adapt to the user, providing optimal assistance without any kind of explicit human

effort or command.

At the other hand of the spectrum, it would be interesting to continue the devel-

opment of voluntary control strategies for the robotic limbs. In particular, increasing

the number of active degrees of freedom controlled by the subjects would enable us

to test their performance in more complicated tracking and manipulation tasks. The

main challenge associated with controlling additional degrees of freedom with torso

EMG muscles is that there is a limited number of independent input signals - the

muscle combinations that belong to the torso null space and do not overlap with the

muscles used to move the natural limbs.

Finally, it would be extremely interesting to test the control strategies presented

in this thesis on the factory floor and in a clinical environment, to see how the target

users - manufacturing workers, elderly people, rehabilitating patients - make use of the
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additional capabilities brought to them by this new human augmentation technology.
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