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Abstract

The use of assistive technologies in industrial environments to improve human ergonomics
and comfort in repetitive and high effort tasks has increased considerably in the last
decade. Predominantly, the goal is to provide additional physical support through lightweight
and wearable devices, without posing major constraints to the human body movements.
Towards achieving this objective, this thesis introduces design and control of an assistive
device for the elbow joint. The contribution of the thesis is classified into two steps. Part
I contributions cover the design and its overall validation through classical control tech-
niques. To begin with, the proposed assistive device is easily wearable, lightweight, and
cable-driven using a series elastic actuation principle implemented by an endless shape
elastic bungee element. This type of elastic element is selected due to its intrinsic damp-
ing, and compliant features similar to human muscles, which provides mechanical filtering
against dynamic uncertainties such as impulsive forces, and oscillated movements because

of possible controller issues.

Furthermore, a spool system is designed targeting to maximize the transmission of the gen-
erated elastic force to the wearer while avoiding multiple coiling for the cable wrap /release
operation. The design parameters of the device are selected through design and optimiza-
tion studies. The manufactured actuator’s performance is validated on a rigid link under
position and force control modes. To demonstrate the effectiveness of the elastic element,
actuator validation tests were conducted with and without bungee. The results show that
while the bungee-integrated setup can transfer the generated elastic force to the link with-
out oscillation at different frequency movements (0.05 — 0.16 Hz), the bungee-excluded
setup yields unstable movements under the same control gains, producing 50.74% more vi-
brations detected through FFT analysis. In addition, to test the system under aggressive
conditions, impacts were applied to it, and the results indicate that the damping ratio
index of the bungee incorporated system is 56.14% more than that of without bungee
case, demonstrating the intrinsic safe behavior of the mechanism. Finally, the device is
assessed on 6 human subjects (different arm weights and dimensions) in a simulated in-
dustrial painting task with 5 minutes duration, with an average 22.3°/s elbow velocity

under force control. The average effort reduction on biceps muscle among the subjects is



measured 64.42% with respect to the without assistance test.

Part II contributions are presented to operate the device in more complex tasks. To
clarify, the focus of part II studies is to design a reactive control strategy for loading and
sudden unloading of an elbow effort-compensation device controlled in force. Through
this control strategy, in addition to an individual’s forearm weight, an external load can
be detected and adaptively compensated via a feed-forward force reference, facilitating the
execution of arbitrary movements by the wearer. In case of a sudden contact/load loss,
a power-aware strategy is implemented to immediately eliminate the portion of external
loading in the force reference. The adaptive compensation of the external loads is achieved
through an electromyography interface. Instead, to react to sudden load releases, a power
limit is set on the tendon, and continuously measured through an encoder and a load cell
connected with the cable. Two sets of experiments are designed to test the proposed load-
releasing method on a bench-top setup with 2 kg, and 3.9 kg, and a human subject with
0.5 and 1 kg. Next, the overall scenario including load-compensation and load-releasing
are carried out on eight human subjects with 0.5 and 1 kg loads to evaluate the release
and compensation time, and the effort reduction with respect to non-powered exoskeleton
case. Results show that the average compensation /release time (payload) among subjects
is measured as 0.98/0.91 seconds (0.5 kg), and 1/0.86 seconds (1 kg). The average effort
reduction among the subjects are also reported as 66.4%, and 67.11% for 0.5 kg, and 1
kg, respectively.

Keywords: Wearable assistive device, exoskeleton design, effort-compensation device,
elbow support device, series elastic actuation (SEA), control of assistive devices, power-

aware load-releasing control, EMG-based control.
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]_ ‘ Introduction

1.1. Motivation

Exoskeleton is derived from a Greek term (Exo-skeleton) referring to the external skele-
ton of an animal or vegetal [63, 66]. Over the past two decades, exoskeletons have had a
prominent role to augment human power by applying assistive forces parallel to the body
segments. In contrast to collaborative robots where the human operator only interacts
with the robots’ end-effector to achieve some collaborative tasks such as aiding humans
in an assembly operation [61], these wearable devices can transfer a wide range of as-
sistive torques for different human limbs interacting with them at multiple points. The

aforementioned assistive torques vary depending on the targeted application.

Mainly, activities of daily living (ADL), and medical treatment tasks are achieved with
the help of these assistive devices. The former covers military [3, 64, 71|, industrial [33,
48, 55|, and medical [20, 36, 44| applications where the wearers do not have any physical
impairments (see Fig.1.1), and the goal is to reduce the effort at the supported joints in
repetitive tasks such as reducing the fatigue of a caregiver in a stroke therapy [45], and
tool handling [47]. Instead, the latter corresponds to robot-aided physical rehabilitation
[62, 67|, in which the assistive device is controlled considering the physician’s command

to recover the injured human limb of the patient.

Moreover, exoskeletons are divided into two categories to be rigid [13, 15, 29] and soft [5,
27, 64]. Rigid wearable devices are built using metal frame in the body attachment which
acts as a transmission element between power source, where the assistive force is generated,
and the targeted human limb. They are also classified as active |28, 69] and passive
[39, 46] among each other. Rigid-passive devices does not contain any electromechanical
elements (i.e., motors and sensors), and provide assistance through the elongation of
elastic elements for lower-limbs [59], and upper-limbs [63]. Particularly for the shoulder
support devices, although they are lightweight, and have a compact size, the mechanism
constantly generates assistive force in an upward direction to counterbalance the shoulder,

which causes discomfort during repetitive flexion-and-extension movements. Hence, the
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exoskeleton itself can lead to creating a disorder in the shoulder |21, 22, 51].

When it comes to rigid-active devices, they are equipped with motors and sensors, allowing
to employ extensive flexibility, and better control. However, the fundamental challenge
of such devices is the misalignment between the assisted human joint and the exoskeleton
axis [10]. To clarify, the kinematics of human joint is complex, and it cannot be modeled
simply collecting the kinematic pairs. Moreover, it is not possible to detect the actual
configuration of the human limb without making use of particular imaging equipment.
Also, the position of the human limb varies with respect to exoskeleton every therapy
session [11, 53, 54]. Therefore, the design of rigid-active exoskeletons are quite complex
to mechanically mimic the human limbs’ kinematic, and they are usually grounded due

to their bulky structure.
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Figure 1.1: (a) Exoskeletons for military [71], (b) industry [47], (¢) medical [44], (d) elbow
rehabilitation [62], and (e) upper-arm rehabilitation [67] applications.
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To overcome the problem of misalignment, soft-active wearable devices are developed
utilizing soft body attachments, performing intrinsic adaptation to the targeted human
limb. Primarily, the actuation part of those exoskeletons is attached distally from the user
such as at the back, and the generated assistive force is transmitted to the human limb
with the help of a tendon. This design approach prevents the user to carry the actuation
mechanism on the supported joints, which improves the comfort of the wearer. Although
their assistive torque range is lower than that of rigid-active devices, they are portable
and lightweight, which increases their flexibility and task performance in ADL tasks such

as in industry [41] and walking [69].

1.2. Related Works in ADL Exoskeletons

Recent advances in industry pave the way for the need for soft-active assistive devices. To
begin with, automated manufacturing is an essential model of the fourth industrial revo-
lution (Industry 4.0) [60]. The primary aim of this breakthrough is to apply decentralized
intelligence towards possible problems in the manufacturing lines. Despite the demand
to fully or partially automate risky and difficult-for-human industrial tasks (especially
for those that require high-payload [19]), transferring the human movement capabilities,
flexibility, and decision-making to cobots, and the cooperation of the actions in the most

productive, yet intrinsically safe manner, are still a problem for such automation scenarios
[24].

Specifically, manual operations such as packaging [43] and assembly [60] still account for a
large proportion of tasks in this area. For instance, more than 10.8 million workers are em-
ployed in the European Union to handle for storage and transportation of several products
in warehouses [18]. As a consequence, according to a recent industry report, such repeti-
tive industrial applications have contributed to a growth in work-related-musculoskeletal
disorders (WMSDs) engaging 20% of the global population [18, 51].

To boost the productivity, ergonomics, and physical performances of the human workers
in ADL (i.e., manual operations), soft-active wearable assistive devices have shown a
great potential for sit-to-stand [69], material handling [47], and walking [34],[68] in the
last decade. Considering the actuation unit of such devices, there are several approaches
such as electric motor-tendon, shape memory alloy, pneumatic artificial muscles (PAM),

pneumatic interference actuators (PIA), and twisted string actuators (TSA) [66].
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1.2.1. Design of ADL Exoskeletons

Here, the designs of upper-limb soft-active exoskeletons are discussed to reveal their ad-
vantages and disadvantages. In [56], an elbow exosuit is developed to be used for repetitive
lifting tasks in manufacturing lines making use of an array of small inflatable cylindrical
actuators (i.e., pneumatic interference actuator) and placed on the arm. When it is pres-
surized, the actuators react to each other and support the user for bending motion at the
elbow joint. The primary drawback of the system is to locate the air tank in dynamic

environments such as in factories (see Fig.1.3b).
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Figure 1.2: (a) A voice activated bi-articular exosuit for upper limb assistance [31], (b)

an exoskeleton for industrial applications [16].

More recently, a soft shoulder exoskeleton is designed utilizing a hyper-redundant kine-
matic chain whose fundamental advantage is to be intrinsically compliant, and kinemati-
cally adaptable to the shoulder motion pattern [57|. However, the device can generate up
to ~ 5 Nm assistive torque with 2.45 kg actuation system attached on the shoulder. Not
only the exoskeleton is heavy due to its gear transmission system, but also such a design
approach increases the reflected inertia on the wearer, reducing the flexibility, and comfort
in ADL tasks (see Fig.1.3c). In the same fashion, a wearable device is built to support
both the shoulder and elbow of the user in industrial tasks [16]. As the actuation units
of the exoskeleton are placed on the human limb, the inertia of the mechanism increases

the user’s effort during the assistance (see Fig.1.2b).
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Figure 1.3: (a) Shape-memory-alloy-based-fabric-muscle (SFM) assistive device [49], (b)
an elbow exoskeleton based on array of small inflatable cylindrical actuator [56], (c) a soft
shoulder exoskeleton based on a hyper-redundant kinematic chain for ADL applications
[57].

In another work [30], an upper-limb assistive device is designed to aid workers in industrial
tasks. A voice control strategy is employed to generate position trajectory at the shoulder
and elbow joints of the dual arm. The device can help the user lift up to 10 kg with the
help of 4 motors with a gear system. The total weight of the exoskeleton (excluding the
battery) is 10 kg, which is quite heavy, leading to testing the device at a slow-moving task.
In [31], a similar control strategy is used to support the shoulder and elbow limbs making
use of the under-actuation principle, which allows controlling the two limbs through a
single motor. In addition, a locking mechanism is integrated to operate the device in
such a way that when the elbow reaches 90°, this mechanism is disengaged to initiate the
shoulder movement. Although the under-actuation technique seems an appealing solution
to reduce the motor quantity of the exoskeleton (7.5 kg weight, 10 kg payload at hand),
it is not possible to control independently the aforementioned two limbs (see Fig.1.2a).
Moreover, voice control is not safe for industrial applications as the noise of machines and

the environment can mislead the controller.

Furthermore, shape-memory-alloy-based-fabric-muscle (SFM) assistive device is designed
for elbow joint to be used for ADL applications [49]. When the shape-memory-alloys are
exposed to external Joule heating, the shape of the material changes and create support
at the limb. Even though the actuation system of the device weighs less than 1 kg, these
actuators suffer from low efficiency, and bandwidth [66]. Moreover, the developed device

is not tested on a human (see Fig.1.3a).
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Figure 1.4: (a,d) An elbow exoskeleton based on electric motor-tendon unit [65], (b)

pneumatic artificial muscles [1], and (c,e) twisted string actuators [23].

Also, PAMs can be a good approach to developing a lightweight exoskeleton for repetitive
ADL tasks. In [1], an active flexible weave structure is designed by making use of the
McKibben muscle (see Fig.1.4b). Such muscle includes a rubber tube sheltered by a
sleeve. When the air is pressurized inside the rubber tube, it enlarges in the radial
direction. This deformation of the sleeve applies a force and displacement in the axial
direction of contraction. Furthermore, the flexible weave structure is placed to connect
the upper arm to the back (thigh element of the brace), and to assist in lifting the arm in
an upward direction. Even though the weight of the exoskeleton is 2.1 kg, it is not possible
to use the device in dynamic operations. Also, the maximum torque at the shoulder joint
is acquired to be ~ 4 Nm, preventing to carry heavier loads using this device. Since
the source of the actuator is air, increasing the payload requires a larger air tank or a

compressor which limits the flexibility of the exoskeleton.

Additionally, TSAs have an important role in the area of soft-active exoskeletons as they

have a good output force to actuator weight ratio. According to the working principle,
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a DC motor is coupled to a few strings whose endpoint is connected to the load (see
Fig.1.4e). When the motor is rotated, the total length of the string is decreased to apply
linear force to the load. Hence, the rotational motion of the motor is transformed into
a linear motion. An elbow exoskeleton is developed utilizing such TSA system in [23].
Although the device is lightweight compared to the existing assistive devices, the load

compensation is tested at a single 90° position (see Fig.1.4c).
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Figure 1.5: (e) The body attachment, and (a,b) agonist-antagonist type actuation system
of an elbow exoskeleton [8], (d) an elbow exoskeleton with direct-drive based actuation
system [12], (c¢) multi-stable composite transmission (MCT) system based actuation mech-

anism for an elbow assistive device [9] .

Furthermore, an electric motor-tendon unit type actuation system is used in an elbow
exoskeleton (see Fig.1.4a). One-to-many (OTM) design approach is employed [65], which
allows controlling more degrees of freedom than that of the applied input (i.e., under-
actuation strategy). In the actuator, there is a DC motor coupled with a pinion gear to
transmit the input torque to the bevel gears, allowing to transmit the input torque 90°.
Moreover, two clutch mechanisms are used to allow engage/disengage the input torque
with the countershaft and a pulley (see Fig.1.4d). Regarding the working principle, if
the input pinion is not rotated by the motor, the wearer is free to move, and the output
is back-drivable (no assistance). In other words, the flexion/extension movement can be
performed since the countershaft is not engaged with neither left nor right bevel gears. In

another state, the brake locks the countershaft, and movement is stopped. For the support
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in CW (clockwise), and CCW (counterclockwise) directions, the left bevel gear and right
bevel gears are coupled with the corresponding clutches, respectively. However, there is
no elastic element between actuators and the human limb to achieve a smooth change
between states and compensate for unexpected controller issues. Also, the mechanical

design is complex, and this affects the movement smoothness during the assistance.

In another design, an agonist-antagonist type actuation system is integrated into an elbow
exoskeleton to be used for industrial tasks [8]. The stiffness around the elbow is varied by
the DC motor, the gear system, and the springs illustrated in Fig.1.5b. A clutch system
is also integrated to stop the release of the cable after setting the stiffness in Fig.1.5a.
However, such a solution consumes constantly energy (0.25 A, 24 V). On the other hand,
the advantage of the mechanism is to incorporate an elastic element between DC motor
and the elbow to absorb the unexpected impacts that may happen during the assistance.
However, a feeder assembly is coupled to prevent cable slack during the coiling operation of
the spool. For the uncoiling, a one-way clutch is utilized to allow the cable to pass under
friction. Hence, in addition to the friction of tendon-driven based force transmissions,
adding extra feeder assembly amplifies such nonlinear effects causing a power loss, and

also prevents to conduct smooth dynamic movements.

In the next design, multi-stable composite transmission (MCT) system, which is composed
of multilayered carbon fiber/epoxy laminates, is used to generate stiffness for elbow sup-
port [6]. The system is operated in such a way that the twist of MCT leads to vary the
stiffness of the timing belt connected to the output shaft (see Fig.1.5¢). The increase of
the output torque requires to increase the length of the MCT by twisting. Instead, the
stiffness reduction is achieved by rotating it in the opposite direction. The main disadvan-
tage of the mechanism is to generate highly non-linear output stiffness, which gives rise to
some control problems [9]. Moreover, the maximum output torque of the device is 6 Nm
while the weight is 2.2 kg, which is heavy with respect to the other existing soft-active

exoskeletons.

1.2.2. Control of ADL Exoskeletons

In this chapter, the control techniques employed in upper-limb soft-active exoskeletons
are discussed to demonstrate their downsides and upsides. The mutual goal of the devel-
oped controllers is to adjust the exoskeletons’ assistance level based on acquired sensory
information from the human, which demonstrates his/her effort level. According to the
state-of-art in this topic, usually, the EMG signal, or FMG (force myography) is fed to

the controller as the input to detect the effort change of the user. Also, arm position is
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considered in some works as the input to trigger the controller for a predefined repetitive
task. As the output of the controller, the torque of the exoskeleton is adjusted to increase

the support level, and eventually to reduce the effort at the targeted limb.

To begin with, in |70], a kinematic-based control is employed in an inflatable soft wearable
robot (see Fig.1.1c) designed to support the shoulder of industrial workers for overhead
tasks. The algorithm is developed based on shoulder and trunk kinematics. First, an
onset angle (6,,) is defined at the shoulder to detect the human intention to initiate the
support. Also, the velocity of the shoulder (6), and the trunk inclination angle (¢;) are
monitored as a part of the state machine. ¢y, which is the tolerance threshold of the
trunk, is determined to be 20°, and 0, is assigned as 70° based on the targeted overhead

task in the calibration season.
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Figure 1.6: (a) A Kinematic-Based control state machine for a shoulder exoskeleton [44],
(b) The control scheme of adaptive model-based myoelectric control for elbow assistive
device [38], (c) The state machine of the load-compensation and load-release task for

elbow exoskeleton [23], (d) The controller diagram of a shoulder exoskeleton [47].

In the working principle illustrated in Fig.1.6a, when the shoulder is i) above the 0,,, ii)
6 > 0, iii) ¢; < ¢y, the pneumatic textile actuator with bifurcated shape is inflated to
counterbalance the shoulder. Instead, the aforementioned pneumatic textile actuator is
deflated from the inflated state either the arm elevation angle is below the offset angle

(657 = 60°), or the arm extension velocity is above the offset velocity (éoff). Therefore,
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the human intention is perceived considering the kinematic relations of upper-body move-
ments. However, the primary limitation of the system is to provide support in a short

arm motion range (above the 6,,) because of the predefined specific task.

In another work [37], an EMG-driven control framework (see Fig.1.6b) is designed to
control a soft elbow assistive device. The main motivation of the framework is to estimate
the joint torque at the targeted limb based on i) three EMG channels including the
long head of the biceps, long head of the triceps, and brachioradialis, ii) the elbow joint
angle, and iii) a second-order muscle-twitch model which relies on nonlinear functions and

musculoskeletal properties of the subject.

After acquiring the desired elbow joint torque through the above-mentioned methodol-
ogy, the torque error is transferred to the joint velocity by making use of the admittance
dynamics, and eventually, the resultant velocity is tracked by the DC motor. Although
the response time of the developed technique is 53.8 ms, which is close to the physio-
logical upper-limb electromechanical delay (55.5 ms), there is a long calibration season
to identify the parameters of the developed model. A 3D motion capture system is uti-
lized with markers attached to the metacarpus, lateral wrist, medial wrist, lateral elbow,
medial elbow, and acromion. Then, the static pose acquisition, and maximum voluntary
contraction are performed. Next, a generic musculoskeletal model is linearly scaled via
OpenSim to be used for each subject’s body. Finally, dynamic calibration is carried out by
guiding the subjects through visual feedback that illustrates reference flexion/extension
trajectories. Such long calibration intervals limit the applicability of the assistive device
to ADL tasks. Moreover, although the load-compensation is achieved by making use of
the designed framework, the load-releasing task is not carried out, which is crucial in

repetitive ADL tasks such as pick and place.

In the next study, a control framework is developed to conduct both load-compensation
and load-releasing operations using TSA based elbow exoskeleton (see Fig.1.4c). In the
control interface shown in Fig.1.6¢, first, SEMG sensors are placed on biceps and triceps
muscles. For the load-compensation, when the load is held by the user, the EMG signal
in biceps increases, and accordingly the support level is augmented by tensioning the
strings in TSA. Contrary, when the load is released, the system cannot detect this state
change and continues to provide assistance for the held load. Hence, the arm is pushed
in an upward direction. At this moment, the user resists the exoskeleton to keep his/her
arm in the same position, which increments the triceps contraction. This sudden effort
change triggers the load-releasing state, and the exoskeleton reduces the support level
to adapt the only forearm compensation. Even though the algorithm is tested under

different payloads (1 —4 kg) with both single and dual-arm on multi-subject, only a single
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arm position is carried out in the experimental protocol. Moreover, such load-releasing
strategy may disturb user’s comfort and cause additional fatigue in the human joints for

long term operations.

In another work, load-compensation and load-release operations are carried out using a
control framework illustrated in Fig.1.6d for a shoulder exoskeleton developed for indus-
trial tasks. For the former one, a Myo Armband is worn on the forearm to detect the
overall activation level of forearm muscles using eight SEMG channels [47]. A threshold
is assigned to introduce an effort level, and a constant muscle load gain is multiplied by
the measured EMG channel data to measure the effort on the arm. When the calculated
effort level is above the threshold, the torque is computed in the actuator to provide as-
sistance. Otherwise, no support is provided to the user. For the load-releasing task, it is
manually set in the torque control equation, which could be a limitation in dynamic tasks
in industries. Moreover, the developed framework is tested at 3 specific arm positions on

a single subject (see Fig.1.1Db).

Finally, an FMG (force myography) based method is proposed to estimate the load level
at hand by attaching force-sensitive resistors (FSR) on the upper arm for control of the
upper-body exoskeleton [25]. According to the working principle, when the load is held at
hand, the FSR is applied a normal force because of muscle contraction. Then, this action
is detected by FSR, and post-processed, finally machine learning is conducted on the data
to represent it in terms of the grasped payload. Even though the estimated payloads are
close to the actual ones, the designed technique is tested at a static condition. Moreover,

no method is mentioned for load-releasing tasks.

1.2.3. Goals and Contributions

In spite of the significant progress in the design of the soft-active exoskeletons, I be-
lieve that there is still a gap in the realization of an industry-fit wearable device for
the elbow joint with the following characteristics: lightweight and cable-driven for better

user-comfort, and shock-absorbing to protect both the actuation system and the wearer.

In view of the above requirements, in this thesis, I designed and developed a compliant
exoskeleton for elbow joints using a series elastic actuation principle implemented by an
endless shape elastic bungee element. This type of elastic element is selected due to
its intrinsic damping, and compliant features similar to human muscles, which provide
mechanical filtering against dynamic uncertainties such as impulsive forces, and oscillated

movements because of possible controller issues.

The fundamental goal of the assistive device is to reduce the muscular effort of the user
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Actuation
system

Figure 1.7: The developed compliant elbow effort-compensation device on S; (subject-1).
t; and 5 represent the completion time of the designed industrial test protocol for painting
task. a and b are the fixed arm attachment distances whereas ¢ and d are the adjustable
arm distances for different subjects. Enc-1 is an encoder to measure the position of the

elbow.

due to the internal (i.e., the forearm weight (2 kg in [6], [14]) and external (lightweight
payloads (up to 1 kg)) loading. The main idea is to offload the user from a repetitive and
prolonged exposure to load which can cause fatigue, and eventually reduce productivity in
industrial applications. The prototype of the wearable system is illustrated in Fig.1.7. An
actuation system is attached distally at the upper back of the user, while the generated

force is transmitted to the human arm through a cable.

In summary, the contributions of this thesis is divided into two as part I, design and
overall validation of the elbow effort-compensation device, and part II, adaptive control
strategies for load-compensation and load-releasing operations. The part I contributions
cover the authors’ [A1], [A3], and [A4] publications in chapter-6, while part II is published
in [A2].

The theoretical and practical contributions of part I are also reported separately. Theo-
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retical ones are as follows :

Sensitivity analysis of the assistive device to estimate the assistive force references

to support different arm dimensions and forearm weights of users,

Static force model of the new actuation mechanism with improved output force and

working range,

Introducing a new design methodology making use of the static force analysis of
the device, and accounting for the actuation systems’ parameters (i.e., bungee force
model, spool mechanism dimensions, etc.) to select the optimized machine elements

including ball-screw,

Damping ratio index estimation of the assistive device to mathematically prove its

intrinsic compliance characteristic,

Power analysis of the assistive device with max payload (4 kg) under position control

on a benchtop setup at different frequencies and repetitive motions.

Practical contributions are reported below:

Proof-of-concept prototype of the assistive device’s actuation system,

Design and development of the actuation system with improved output force and

working range,
Development of a wearable support device based on the actuation system,

Vibration isolation performance of the assistive device under position control at
high-frequency cyclic movements on a benchtop setup with and without bungee

elastic element through FFT analysis,

Validation of the shock-absorbing ability of the system on a benchtop setup with

and without bungee element under impact force,

Designing an industrial test protocol with long-term operations, and testing the de-
vice on 6 subjects at high-velocity movements under human-in-command movement

control (force control), with and without assistance.

Regarding the part II contributions, I focused on control challenges of soft-active ADL

exoskeletons. As previously mentioned in 1.2.2, although several control strategies are

developed for wearable devices to generate assistive torque based on EMG sensors, the load

release phase has not been studied in the literature according to my knowledge. To clarify,

the research question I address in part II contribution is when an object is released from
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the hand, how the assistive force reference of the exoskeleton can be adapted intuitively

to the new payload (i.e. only arm compensation) without disturbing users’ comfort?

To begin with, the device is controlled in force to enable movement transparency and to
enhance user comfort when carrying external loads. The force reference is formed by the
forearm weight and the load at hand, with the latter being detected and compensated
online through an EMG based adaptive method. To do so, an assistive force is generated
when the EMG of the biceps muscle goes above a threshold determined according to the
user’s muscle contraction under forearm compensation support. Subsequently, as soon as
the EMG settles below this threshold, the load at hand is estimated based on the position

of the elbow, the tendon force, and the geometry of the arm attachments.

Since the exoskeleton is controlled in force, sudden load release or similar disturbances
may result in rapid device movements due to the feed-forward compensation forces, un-
dermining users’ safety. Hence, I propose and implement a power-aware control algorithm
to decouple the load-related assistive forces from the controller. To achieve this, the power
of the exoskeleton is calculated during the operation according to the weight of the user’s
forearm, the target payloads at hand, and the cable velocity. Next, a power threshold is
assigned based on the user’s cyclic motions. When the load is released from the hand, the
power of the device increases suddenly above the threshold, and the external proportion of
the reference load is eliminated. Hence, the exoskeleton will switch back to compensating

the forearm weight and the user can comfortably move the own arm without interrupts.
In summary, the part II contributions of the thesis is presented below:

e Development and experimental verification of the power-aware control strategy to
perform fast and smooth force adaptation to object releasing phase on a benchtop

test with different payloads, different speeds, and different releasing positions,

e Development of the load compensation algorithm using biceps EMG sensor output,
and experimental validation of the load compensation and release algorithms on
eight subjects for two different payloads at different elbow angles, and performance
evaluation in terms of compensation /release time, and effort reduction with respect

to non-powered exoskeleton case.

1.2.4. Outline

The graphical abstract, and the overview of the thesis is illustrated in Fig.1.8, and 1.9,
respectively. In chapter-2, the design methodology is explained starting from the velocity,

and motion range of the elbow in view of the industrial use cases of SOPHIA European
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Figure 1.8: The graphical abstract of the thesis.

project. Next, the maximum torque is computed by making use of the force analysis
derived with the help of the geometry of the arm attachment, and the maximum payload
at hand. Then, the elastic element determination is carried out to perform series elastic
actuation strategy. A bungee, which has a damping feature, is incorporated into the
mechanism to intrinsically isolate the vibrations, and sudden impacts similar to human
muscles. Afterward, a spool mechanism concept is studied to maximize the elastic force
and to wrap/release cable during the operation. Accordingly, the static force analysis
is conducted for the aforementioned mechanism to compute the desired bungee force.
Later on, a proof-of-concept prototype is developed through 3D printing technology to
monitor the motion and force range of the device under fixed-end and open-end experiment
conditions. Moreover, a couple of limitations are detected on this functional prototype
to be optimized for the final prototype such as stretching and bending issues of some
parts. Therefore, fundamental modifications are applied to the new design to overcome
those challenges. In addition, a computation methodology is carried out in the selection
of the design parameters of this final prototype. Then, the machine elements including

the motor and ball screw are chosen by taking into account the desired motor torque, and
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Figure 1.9: The graphical overview of the thesis. Chapter-2 aims to introduce the design
methodology based on the design requirements, functional prototype development, design
optimization, and the final effort-compensation device. Chapter-3, and 4 are organized

to express control techniques, and their validation, respectively.

velocity. Finally, finite element analysis (FEA) simulation is performed on the critical
parts to evaluate their displacement under the computed maximum elastic force, and then
the design of the arm attachment and benchtop setup is expressed to build a wearable

support device based on the developed actuation mechanism.

In chapter-3, several performance metrics on the control of the device are determined to
increase the wearers’ comfort in terms of high effort reduction and fast adaptation to load
changes at hand. In light of those goals, classical and adaptive control techniques are
studied. The former is adapted to verify the performance of the design through simple
PID-based position and force control. To clarify, the idea is to validate the motion range,
force tracking and effort reduction performance, energy analysis, and intrinsic vibration
and impact absorption characteristics of the mechanism. Also, the sensitivity analysis
is studied to compute the input force references for multi-subjects with different forearm

specifications such as forearm weight, and a couple of geometric terms illustrated in Fig.1.7
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(¢,d). Later on, adaptive control strategies are fulfilled to automatically detect the load
change at hand through the EMG sensor attached to the biceps muscle. Moreover, the

load releasing action is achieved with the help of the power-aware control strategy.

In chapter-4, a number of experimental protocols are contemplated to assess the perfor-
mance of the device. The experiments are divided into two sections. The first one is intro-
duced as the design validation tests, which aim to demonstrate the previously mentioned
features of the mechanism (i.e., torque, motion, and velocity range, intrinsic compliance
etc.) through classical controllers, that is, PID-based force and position. Moreover, the
experiments are carried out on both the benchtop and humans with the former decoupling
the human compliance to show only the intrinsic compliance and the energy consump-
tion of the mechanism. Afterward, an equivalent industrial painting task is designed to
evaluate the device on 6 subjects with different forearm specifications under force con-
trol implemented for 5 minutes of continuous operation. Finally, the before-mentioned
adaptive controllers are tested to verify the derived control equations on 8 subjects with

different payloads, velocities, load compensation, and releasing arm positions.

In chapter-5, the prominent results of the developed effort-compensation device are re-

ported, and the possible future developments are discussed.
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2 ‘ Design of the Elbow
Effort-Compensation Device

The focus of this chapter is to explain the design details of the assistive device. First, a
maximum payload at hand, motion, and velocity range of the wearer are assigned based
on an industrial use case. Next, the torque and kinematic formulations of the device are
derived to compute their maximum values. Then, a bungee elastic element is selected
to carry out series elastic actuation principle, and then spool mechanism alternatives are
explained in view of a bunch of design requirements. Afterward, static force analysis of
this mechanism is studied to compute the desired maximum bungee force, which has a

fundamental role on the mechanical design of the actuation system of the assistive device.

In the next step, a proof-of-concept (POC) prototype is built to explain the general
concept of the proposed assistive device, and the preliminary experiments of its actuation
mechanism (motion range and output force profile), which is tested on a plastic elbow
produced by mimicking the human arm dimensions. After verifying the working principle
practically, certain design limitations are detected in the POC prototype, and necessary

modifications are applied to the improved prototype.

Consequently, the mechanical design of the final actuation mechanism, arm attachments
and the benchtop setup are fulfilled. Also, a computation methodology is developed
making use of the static force analysis of the device and taking into account the actuation
system parameters including the bungee force model, and spool mechanism dimensions to
opt for the optimized machine elements such as ball-screw and motor. Finally, the finite
clement analysis (FEA) is carried out to validate the strength of the critical parts under

the maximum calculated bungee force thanks to the static force analysis.
In summary, a methodology is studied considering the following steps:

e the torque and motion range of the elbow,

e clastic element determination,

e spool mechanism design approach,
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e static force analysis of the spool system,

e the proof-of-concept mechanical design, and preliminary tests,

e the optimization of the mechanical design,

e the choice of the design parameters based on a computation methodology,
e the selection of the machine elements including motor and ball-screw,

e the FEA simulations of the critical parts,

e the mechanical design of the arm attachment, and the benchtop setup.

2.1. Torque and Motion Range of the Elbow

The first input of the design methodology is to determine the desired elbow velocity
and the motion range that the assistive device can provide. This information is acquired
considering the industrial use-case of the European project SOPHIA. In that, 4 screenshots
of the workers movements are presented in Fig.2.1, and the elbow motion range and the
velocity are assigned to be 80°+5°, and 2545°/s, respectively. Therefore, the upper-limits
are 85° (Onaz), and 30°/s (Vinaz)-

i) ii) i) iv)

Figure 2.1: The screenshots of the industrial use-case of the European project SOPHIA.
Max elbow position is € = 80°£5°.

Afterward, a diagram is drawn in Fig.2.2 which illustrates the general concept of the
actuation mechanism and the arm attachments. Starting from the latter one, in our
calculations, the elbow joint is assumed as a single-axis hinge joint, with its axis being
symmetric with respect to both upper and lower limbs according to the human model
mentioned in [50], [26]. Also, a compliant elbow brace, shown in gray color in Fig.2.2B,

is used to achieve a compliant coupling with the arm. As mentioned previously, the
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generated assistive force in the actuation mechanism is transferred to the brace through

the Bowden cable shown in red dashed lines in Fig.2.2B.

There are some parameters including a, b, ¢, d in mm, and ¢, «, 3,7, € in radian. To clarify,
a and b are the fixed attachment distances while ¢ can be varied mechanically thanks to
the design, which also changes the d. (b+ ¢) represents the center of mass of the forearm,
and it is utilized in the calculation of the elbow joint torque. The average value of
anthropomorphic ¢/d values are 50/150 mm based on [14],[6], which means the center
of mass of the forearm is measured as the middle point in between the elbow center of
rotation and the hand. Since this ¢/d can be changed from one person to other, it is

designed adjustable to achieve adaptation to multi-subjects.

According to the design concept, a max payload 1 kg (Wp) is held by a human based on
the SOPHIA industrial use-case, and W, is the forearm weight (20 N based on [6]). The

desired torque at Oz can be calculated as follows:

TL TA
AN AN

~

7 = Wisin(0)l, + W,sin(0)l,, (2.1)

where [,, and [; are the lever length for the arm (b+c), and the load (b+c+d), respectively.

actuator

Figure 2.2: The illustration of the working principle of the actuation system (A) and the
arm attachments (B). The dashed red line represents the Bowden cable that transfers the
generated elastic force in the actuation system to the arm while roller is illustrated in
orange. The vertical distance between elbow brace (shown in gray color) and first anchor
point on the forearm (a), the distance of fixed attachments from Os (b), the center of
mass of the forearm (b+c), and the lever arm (b+c+d) from the external load (Wp) to
Os.
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Table 2.1: Target values for design performance

Motion range (6,,4z) 85°(80 +5)
Desired velocity (Vi) 30 deg/s (25 +5)
Desired torque (1) / Cable force (Fg) 6.8 Nm / 65 N
Mass as light as possible

Spool and pulley diameter (R, 7spo01) 40 mm and 85 mm
Ball-screw stroke (S5) / Cable length (Iy) 80 mm / 119 mm
Fixed attachment distances (a,b) 50 mm, 100 mm
Max variable arm distances (¢, d) 70 mm, 170 mm

Moreover, the maximum applicable values of ¢, and d are reported in Table.2.1. Accord-
ingly, the necessary cable force to generate this torque support is computed in (2.2), and
reported in Table.2.1.

T

Fp= —
B Leos(v)

vy=90—a—(0/2), «=arctan(a/b), L =+va?+ b (2.2)

Moreover, Fr can be written out as the summation of F4 and Fp, in which the former
represents the force reference for the arm support, and the latter is for the external loads.
By substituting 7 = 74, and 7 = 7 in (2.2), those force references are computed as

follows:

Wisin(0)l, W,sin(6)14

" Lcos(y) Fa= Lecos(vy) - (2:3)

Finally, the required cable length is calculated at approximately 119 mm using (2.4) to

perform flexion/extension movements in the range of the 0,/4,.

lr = v/2(a? + b2)(1 — cos p). (2.4)

2.2. Elastic Element Determination

As the next step, an elastic element is incorporated in the actuation/transmission of an
elbow assistive device considering two reasons. First, it provides an intrinsically softer
interaction between the actuation system of the device and the limb of the human body

where the actuation output is applied. In this way, the force transmission from the
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assistive device to the human body can be accomplished in a compliant way. Another
advantage is that, such an elastic element eventually forms a mechanical filter against
dynamic uncertainties absorbing sudden motions or possible control issues and protecting
both the actuation of the device as well the human subject from feeling such dynamic

force transients.

Important to note that if there was no damping feature in human muscles, it would not
be possible to change the position of a limb accurately and quickly, and tackle with the

impulsive forces [32, 40].

b)

Figure 2.3: The illustration of the endless type bungee with diameter 10 mm (a), and 5
mm (b).

Considering the above reasons, an endless shape bungee cord (see Fig.2.3), which is made
of rubber, is selected as the elastic element, and its elongation is regulated through an
actuator, that is, a ball-screw and a DC motor. The reason for the endless shape bungee
is due to its intrinsic damping feature, lightweight property, and elongation capacity,
which is more than a metal spring. Also, there are several performance properties such
as a number of configurations alternatives (i.e., endless and U shape [58]), eliminating
the need for end-fittings for the assembly. For instance, the bungee shapes illustrated in
Fig.2.3 are produced specifically based on our needs by the company. The target is to
reach the desired stiffness with the shortest bungee elongation to have a compact, yet

powerful mechanism design.

2.3. Spool Mechanism Design Approach

In the next step, the spool mechanism, which is connected on one side with the elastic

element and on other with the human arm, is developed considering three criteria.
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e The mechanism should wrap/release the computed cable length (If) during the

flexion /extension movement of a human forearm.

e The mechanism shall transfer the generated bungee force to the wearer throughout

the targeted elbow motion range.

e [t is aimed to achieve a 1:1 motion relation between the spool mechanism and
the elbow during the flexion/extension movements to avoid multiple coiling on this
mechanism, which usually leads to adding an extra clutch and the feeder system to
tackle the cable slack and guiding [7].

Towards achieving those objectives, two different spool systems are considered, and pre-
sented in Fig.2.4. As a first alternative, shown in case-1, if a pulley and a spool are placed
at the same axis (O;), and the bungee is connected with the pulley, the bungee force is
multiplied by the ratio of the pulley and the spool radius. Instead, if the center of the
spool and the pulley are separated as illustrated in case-2, the bungee force is multiplied
by the ratio of the diameter of the pulley and the spool radius, leading to having twice
as much bungee force as the first alternative. Therefore, the latter approach is selected,

and its detailed force analysis is explained in the next section.

—> Fp
(Arm side)

(Arm side)

Fg

Bungee

Case-1 Case-2

Figure 2.4: The spool system alternatives. Case-1 represents the spool design in which
the pulley and spool are placed co-axially. Instead, case-2 illustrates the spool design

where center of the pulley (Os) and the spool (Oy) is separated.

Regarding the working principle, the pulley is connected with the bungee to create an
input torque around Os. Also, a roller (see Fig.2.2) is attached to this pulley. Next, a slot
is opened in the spool, and the roller is mounted on it. For instance, when assistance is

needed, the DC motor regulates the elongation of the bungee, and then the elastic force is
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transmitted to the spool with the help of the roller. Also, this element can slide inside the
slot to make the spool perform the same amount of rotation with the elbow [42]. Finally,
the elastic torque on the spool is transmitted to the human arm with the help of a tendon

cable.

2.4. Static Force Analysis of the Spool System

After selecting the spool mechanism, its static force analysis is carried out to formulate
the bungee force as a function of the mechanism dimensions. To do that, all the forces
acting on each element are taken into account, and illustrated in Fig.2.5. Starting from
the pulley, bungee force (Fjp) is acting around 0y, and there is a reaction force (Fl.c,.) at
the contact point (O4) between the roller and the slot opened in the spool. Therefore,

the moment equilibrium is written out around O as follows:

Spool

Figure 2.5: The illustration of forces acting on the spool and the pulley.

Fg

sin 6

(FB)(R/2) = (Freac)(l1) = Freae = (2.5)

where [; is Esine . Next, the calculated F,.,. is transferred to the spool element, and

the moment equilibrium is written about O;. Hence:

(FR)(Tspool) - (Freac) <2l1) (26)

By substituting Fj..., and l; in (2.6), and isolating Fj, following equality is acquired:
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FFD
7, ( R)(U})%(Tspool)’ @7

where o represents the safety factor, which is assigned as 1.3, to compensate the possible
slip on the human arm attachments, frictions in the actuation system, possible manufac-
turing errors and backlashes. Therefore, from now on, the desired bungee force (Fp) is

taken into consideration with the safety factor.

As mentioned in section 2.3, two spool system is compared. Just to mathematically prove
why case-1 is not selected for the design, the moment equilibrium is written about Oy, O,

for case-1 shown in Fig.2.4. Thus:

Fr(2 T spool
(FB)(R/2) = (FR)(rspoat) — Fp= $. (2.8)

Comparing (2.7), and (2.8), it is clear that the latter requires double bungee force than
that of former, leading to have a greater actuator, and machine elements. This concludes

that case-2 has a better force transmission characteristic then case-1.

2.5. The Proof-of-Concept Prototype

Before moving to the further steps, the functionality of the proposed elbow device is
tested in two different experiments including fixed-end (elbow-1) and open-end (elbow-2)

by making use of the two 3D printed elbow prototypes (see Fig. 2.7).

2.5.1. Mechanical Design

The assistive device structure is divided into two sections, the power unit, and the spool
system in Fig. 2.6. The power unit aims to generate an elastic force to be transferred to
the spool system as an input. To achieve this, a Maxon brushless DC motor (EC-4pole
22, 323218) with 5.4 : 1 gearbox is coupled with a ball-screw mechanism to move the plate
component linearly. An endless ring type of bungee (thickness ¢ 5 mm and initial length
55 mm in Fig.2.3b) mounted on two supports is connected with the pulley through the

Bowden tendon.

In the spool system, a roller, which slides inside the spool, is coupled with a pulley to
vary the input elastic force. However, based on the working principle of the spool and the

pulley in Fig. 2.2A, there is a challenge to rotate the spool for small angles. For instance,
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Table 2.2: Design parameters of the proof-of-concept prototype

R (mm) Onez  Tspoor (mm) S (mm)
40 116° 88 100

if a normal shaft is coupled with the spool rotation axis (O;) for the bedding purpose, the
roller will not be able to approach to O; more than the diameter of this shaft. To address
this issue, an eccentric shaft is developed not only for the bedding purpose of the spool
but also for allowing the roller to approach O; at the small angles (see Fig. 2.6). With
this new part, the operating range of the elbow and the spool is optimized to be between
~ 9 — 116°. In addition, a flange is designed and assembled from the upper side to align

the spool and eccentric shaft on the same axis.

Figure 2.6: Mechanical design of the POC prototype. 1- Flange, 2- Spool, 3- Roller, 4-
Eccentric shaft, 5- Camshaft, 6- Bungee, 7- Supports, 8- Plate, 9- Motor.

Finally, elbow-1 is fabricated and illustrated in Fig. 2.7 considering the human forearm
dimensions and the location of the fixed attachments (see Fig. 2.2). Several holes are
opened on this plastic elbow with 15° resolution to measure the torque variation in 7 test

angles.

Regarding the open-end experiment, elbow-2 is manufactured, and an encoder is attached
to this elbow (see Fig. 2.7). Another encoder, which is not illustrated in Fig.2.6 to reduce
the complexity, is coupled with the flange part to compare if spool and elbow-2 achieve

the same rotations.
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Figure 2.7: The illustration of the 3D printed assistive device. A) Cam-spool system and

power unit. B) Fixed-end experiment C) Open-end experiment

To calculate the spool radius and the ball-screw stroke, two design parameters are assigned
in Table.2.2 for the diameter of pulley (R) and the working range of the elbow (0,,,4.). Even
though 6,4, is introduced to be 80°£5° earlier for the targeted use-case (see Table.2.1), it
is assigned over the desired value for POC prototype to monitor the actuation mechanism
in a wider motion range. Using these parameters, the spool radius is computed as follows.

Hence:

Ly

emax

(2.9)

Tspool =

Additionally, the tendon length wrapped around the pulley is calculated to determine
the necessary stroke in the ball-screw transmission of the power unit. Therefore, the

ball-screw stroke is calculated as follows:

S = (20maz) (R/2). (2.10)

Considering an additional 20 mm tolerance for the elongation of the bungee, the ball-screw
stroke is selected as 100 mm (see Table.2.2).
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2.5.2. Experiments and Results

Two experiments under fixed-end and open-end conditions are carried out using a 3D
fabricated prototype (see Fig. 2.7) and presented in this section. In the first experiment,
the elbow-1 is coupled rigidly with an F/T sensor (ATI-Mini45, SI 145-5), and they are
both fixed to a table through apparatus. Center pins and screws are used to engage the
elbow-1 and F/T sensor so that the applied assistive device force can be measured in
different test angles. In the open-end experiment, the elbow-2 is free to rotate, and the

aim is to measure the motion range of the assistive device.

A motor driver and a data acquisition card communicating through EtherCAT at 1kHz
is used to control the assistive device. A PID regulator is used through MATLAB®/
Simulink Real-Time interface to drive the motor in power unit. The resultant linear
position error on the ball-screw mechanism is detected between 4+0.15mm. Additionally,
a 0.5 £ 0.1 Nm bias torque is maintained with the help of the assistive device in the
fixed-end experiment to avoid relaxation on the cable and compensate for any backlash

in the assembly.

Fixed-end

In this test, first, the spool mechanism is decoupled from the actuation system, and only
the power unit is connected directly with the plastic elbow-1. The force profile of the
bungee is evaluated by tensioning the bungee between 0 — 10 mm (0.5 mm position incre-
ment) in each predetermined elbow test angle (15° — 105°) and measuring the resultant
torque around Oj at elbow-1. These data are substituted into (2.2) as 7, and the estimated
force profiles, that is the tendon force (Fr), are illustrated in Fig. 2.8. Furthermore, the
average values of those estimated forces are calculated for each pretension value, and
the resulting shape is demonstrated as “average" in the same figure. Finally, the same
bungee is elongated (similar pretensions as elbow-1) using another tension machine. The

measured force profile are reported as “desired" in the same figure.

According to the results in Fig. 2.8, the force profiles slowly rise in the beginning, then
the trend sharply increases until 4% elongation, while for larger elongations the slope of
the increment reduces. It is obvious that the differences in the force shapes among the
test angles are insignificant, which indicates that the assembly of the components, cable
connections and the force estimation based on (2.2) are achieved with minimal error.
There is also an almost constant shift between desired and average force curves in most
of the entire pretension points. This originates from the uncertainties of the plastic parts,

such as stretching, manufacturing errors, as well as the friction in the cable.
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Figure 2.8: Stiffness profile of an endless ring type of bungee (thickness ¢ 5 mm and initial
length 55 mm).
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Figure 2.9: The results of the open-end experiment. The right and left vertical axes

illustrate the angular and linear position changes, respectively.

Next, the actuation system (i.e., power and spool system units) is tested to acquire the
output force profile of the actuation mechanism. To implement that, first, the desired
torque profile, which is expected to be delivered by the assistive device, is calculated by
substituting 5N for W, in (2.3). Then, the elbow-1 is configured and fixed mechanically in
all the test points (15° — 105°) one by one, and the spool is rotated through the motor to
the same position as that of the elbow-1. Subsequently, the bungee is tensioned, starting
from 1 to 10 mm (1mm position increment) with the help of the motor in each test angle.
Every pretension is repeated three times (standard deviation ~ 0.1 — 0.0006). Finally,
the average values of those data are extracted from the bias torque, and presented in

Fig.2.10. It is clear that the S-shape profile of the bungee is slightly changed due to
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Figure 2.10: Measured torque results of the fixed-end experiment, and the desired torque

curve to balance 5N load in the forearm.

the nonlinear effects of the spool mechanism such as frictions, backlashes and stretching.
Also, the targeted payload (W; = 5N) can be balanced according to the acquired force
trends. These preliminary results gave solid evidence on the validity and utility of the

proposed design concept.

Open-end

In this test, a 0.5 kg load is mounted on the elbow-2, and the motor is driven to achieve
the selected ball-screw stroke (see Table.2.2) for the flexion and extension movement. It
can be seen in Fig. 2.9 that the position difference between the spool and the elbow is
very low (RMS = 6.14°), which validates the proposed design concept. In addition, the
measured angular position data verify the targeted kinematic working range of the elbow,
which varies between 9 — 116° (= 108°). Note that, the 9° shift in the spool position is
not visible in Fig.2.9 as the encoder is initialized at its minimum position. That angle is

acquired from the CAD file of the mechanism.

2.6. Optimization of the Mechanical Design

In this step, first, the drawbacks of the POC prototype is discussed, and the necessary

modifications are carried out to improve it. The detected limitations are expressed below.

e Since the diameter of the spool is sharply greater than the eccentric shaft (see

Fig.2.6), the bending is unavoidable under the tangential force on the spool.

e The vertical distance between the spool excitation diameter (i.e., the cable guide)



32 2| Design of the Elbow Effort-Compensation Device

and the bearings for its bedding is ~ 25 mm since the spool is assembled on the
top of the eccentric shaft. Hence, this causes an increase in the bending force, and
the problem is solved by increasing the size of the parts since the idea is only to

validate the functionality of the system on a table test bench.

e The working range of the spool (i.e., motion range of the elbow) is also constrained

due to the working principle of the spool and the eccentric shaft.

—)

L__ calibration

Figure 2.11: Mechanical design of the actuation system. 1- Motor, 2- Base, 3- Bungee,
4- Plate, 5- Spool bearing, 6- Pulley, 7- Spool, 8-Flange-1, 9-Flange-2. Tendon cable is
illustrated with red dashed lines.

To begin with, similar to the POC prototype, the mechanical design of the actuation
system is explained by dividing it into two sections as power, whose components are
1,2,3,4, and the rest constitute the spool mechanism (see Fig.2.11). For the former, a
DC motor is coupled with a ball screw, which is assembled to a plate to change the
elongation of the bungee as well as a wrap/release the tendon cable on the pulley during
flexion/extension movements. All these components are fixed on a single base to have
a compact and robust structure. Later on, this generated elastic force is transmitted to
the spool mechanism, and subsequently to human arm attachments through the tendon

cable.

Reexamining the previously mentioned limitations of the POC mechanism, in the new
design, a fundamental modification is implemented on the bedding of the spool considering

the three criteria stated here.
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e The spool is supposed to be bedding directly to the base with a lightweight and

compact bearing without interfering with the pulley and the roller.

e The working range of the spool shall be either the same as the previous design or

enhanced.

e The height of the spool mechanism should not be increased more than the previous

prototype [42] so that the resulting structure is not bulky.

Focusing on those objectives, a bearing (defined as spool bearing in Fig.2.11) is used
in the bedding of the spool to the base while allowing the pulley to perform its motion
without any interference with the inner diameter of the spool bearing. To clarify, first,
flange-2 is put on the free space inside the base. Then, the spool bearing is assembled
with the spool, and both of them are placed on the base (see section view in Fig.2.11).
Next, flange-2 and the spool are coupled using the calibration holes that are opened on

the base to align the spool and flange-2 holes for assembly purposes.

Finally, flange-1 is placed on top of the spool bearing and fixed on the base as an upper
shoulder. In this way, while flange-2 rotates together with the spool bearings’ inner
ring, flange-1 is fixed on top of the spool bearing to keep the spool bearings’ outer ring
stationary. In this way, since the spool is not engaged in any other shaft for the bedding
purpose, the distance between the spool excitation diameter and the spool bearing is
reduced to ~ 15 mm. Also, this leads to a decrease in the bending moment around the
spool rotation axis. Additionally, the eccentric shaft is removed from the design which

means that there is no constraint on the working range of the spool (apart from the slot).

2.7. Design Parameters’ Choice

The goal of this section is to determining the design parameters of the assistive device
including the pulley diameter (R), spool radius (7spee ), maximum elongation of the bungee
(Al), and the ball-screw stroke (5).

As a first step, 7400 is calculated as ~ 80 mm through (2.9) by substituting /; = 119 mm,
and 0,,,, = 85°. Also, +5 mm tolerance is added to compensate for the small variation
of 0,4 value due to the possible assembly errors. Therefore, 8 mm is determined for
Tspool (see Table.2.1). In addition, the pulley diameter is assigned as 40 mm (similar to

the previous prototype [42]) to calculate the desired bungee force (Fp).

As all the terms are known in (2.7), Fig and Fp are calculated, and the trends of them are

presented in Fig.2.12a. After that, ¢ 10 mm endless bungee, shown in Fig.2.3a, is selected
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Figure 2.12: a) The desired bungee force (Fz) and the cable force (Fp) graph to balance
the Wy, b) Stiffness profile of an endless ring type of bungee (thickness ¢ 10 mm initial
length 55 mm), c¢) Desired (Xp), and remaining (Xg) bungee lengths. d) Compensated
bungee length (X¢), and e) The plate position trend. f) Bungee elongation change dia-

gram where 1, 2, and 3 represents the state-1, state-2, and state-3, respectively.

considering its maximum elongation (45% of its initial length) at the corresponding elastic
force. It is clear that the selected bungee can generate the desired force under the range
of maximum applicable elongation (see Fig.2.12b). Besides, this thickness has the highest

stiffness value in the category of endless bungee components.

Table 2.3: Ball-screw stroke computation methodology

Octvow|rad]  Xp [mm| Xg [mm|] Xc [mm| Xp [mm]
to Xpo Xro Xco X po
0 Xp1 Xr1 Xet Xp1
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Regarding the ball-screw stroke, a computation methodology is developed in Matlab®using
the selected bungee model (see Fig.2.12b), and all the design parameters that are pre-
sented in Table.2.1. To acquire the bungee model, it is directly connected with the load
cell excluding the spool system, and tensioned up to 12 mm, and then released back.
Then, the resultant curve (only extension state) is fitted to a function presented in (2.11),
in which A, B, and C are 0.0002, 0.0114, and 1.0440, respectively. The reason why there
is a force reduction in Fig.2.12b when the bungee is released from the extended state
is due to its intrinsic damping feature dissipating certain energy from the system. This

behaviour is observed in other variable damping joints as well [32].

Considering the bungee model in Fig.2.12b, and the desired bungee force in Fig.2.12a,
the former and the latter start from 2.6 N (Fp,,, ), and 0 N, respectively. Therefore, it
is clear that the experimentally acquired bungee model can be used for the calculation
of Xp between 2.6 N, and 215 N. The reason why Fz does not start from 0 in Fig.2.12b
is that a bias pretension is set on the bungee (Xpy = 1 mm), which is Fp,,, = 2.6 N,
to remove the backlashes in the experiment structure, and slack on the tendon. Next,
the Xp is initialized in the controller, and then the bungee is extended with the applied
bias. Thus, the Xp value of this bias is not demonstrated in Fig.2.12b since the reliable
bungee data can be used after this pretension. Therefore, an assumption is introduced
that if Fg < Fp,,. , then Xp = Xpy = 1. For the Fp values greater than Fp,,. , the
obtained bungee model can be employed in (2.11) for the ball-screw stroke computation

methodology.

The main goal of the methodology is to acquire theoretically the desired bungee force (see
Fig.2.12a) throughout the elbow motion range taking into account the physical conditions
(cable slack) at each discrete elbow angle. To explain the method clearly, the formulation
is built for two elbow angles. To start with, 5 columns and 2 rows are illustrated in

Table.2.3, and the mathematical meaning of those terms are as follows:

Xs=RAY, Xp = (A)F5+ (B)Fs+(C) (2.11)
Xp1 = Xpo—Xs, Xci1=Xp1—Xnri (2.12)
Xp1 = Xo1 + Xpo. (2.13)

According to the developed method, the forearm is almost fully extended (6, = 0.001°)
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in the beginning, and all other terms are computed according to 6,. For instance, the
desired pretension on the bungee (Xpg) at that angle is the initial pretension (Xpy = 1
mm in Fig.2.12c). This state-1 is also illustrated in Fig.2.12f with a diagram. When the
arm is moved by 6, a certain amount of cable wrapped around the pulley slacks (Xg),
and bungee releases (state-2). The parametric calculation of its is reported in (2.11). As
the A@ is considered as 1° in this methodology, and R is constant, Xg is computed as
~ 0.7 mm for each iteration. Therefore, the remaining bungee elongation (Xg;) can be
calculated using (2.12). To extend the bungee for the 0; (state-3), Xp; is calculated, and
subtracted from Xpg; to compensate the new desired bungee elongation (X¢y). Finally,
Xc1 is summed with the initial position of the plate (Xpy) in (2.13) as the bungee is
elongated through the plate. Although it looks like there is a constant shift between Xp,
and Xpg according to Fig.2.12¢, the difference between them is X according to (2.12),
and it has a nonlinear trend drawn in Fig.2.12d. Also, the Xp profile (see Fig.2.12e) is
not exactly linear due to the trend of X since Xp is calculated summing X terms in
(2.13).

Note that the difference between Xpg, and Xg; is always constant (Xg; = Xpo — Xg),
however for the corresponding each iteration (Xpi, and Xg;), there is a nonlinear differ-
ence between them due to the Xp profile. These iterations are continued until 0,,,, is
reached. As a result of this computation methodology, the ball-screw stroke is computed
as 70 mm (see Fig.2.12¢), and 10 mm tolerance is also added to its length. Moreover, the
maximum desired bungee elongation is also computed ~ 20% of its initial length, which

is less than the applicable maximum elongation.

2.8. Motor & Ball-screw Selection

After the determination of the design parameters, the motor and the ball-screw selection
is carried out taking into account the maximum bungee force, lead and efficiency of the

ball-screw. The desired motor torque is computed as follows:

(Fg)(lead)

TMotor = W (2.14)

where 0 is the efficiency of the ball-screw, and its considered as 0.8 based on the data-sheet.
For the desired velocity, the objective is to perform 30 deg/sec at the elbow joint, and
on the actuation side, it is expected from the plate to complete the stroke (S) in ~ 2.83
second (Opra:/Varaz) when the elbow is fully flexed/extended. Based on this information,

the straightforward ball-screw calculations are carried out considering the lead of the ball-
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screw, the stroke, and the desired elbow velocity to acquire the motor velocity (V). The

results and motor options are reported in Table.2.4.

Table 2.4: Desired motor torque & velocity values

lead (mm) V (min™")  Tarorer (Nm)  MAXON® Motor models

3! 529.4 0.089 ECXTQ22XL, GPX22UP
4 397 0.119 393879
) 317.6 0.142 426450, GP22

Apart from the velocity and the torque values, the motor weight is also taken into consid-
eration. Hence, the first combination, which is pointed out with T, is selected since it has
the lightest weight (206 g) among them. The continuous torque and the velocity values
of the selected motor are 0.260 Nm, and 1139 RPM, respectively.

2.9. FEA Simulations of Critical Parts

As the final step of the design methodology, FEA simulations are carried out in Solidworks®
performing standard high-quality solid mesh for the most loaded and the critical parts
(see Fig.2.13). All the components are simulated under 185 N static force, which is the
maximum value of the Fg according to Fig.2.13a. The upper limit of the safe displacement

value at the loaded surfaces is identified as 0.05 mm for all the components.

(mm) #B (mm)
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Figure 2.13: FEA simulation results of base (A), pulley (B), and plate (C). The element
size/tolerance (mm) of the meshes are 2.628/0.131, 1.853,/0.092, and 2.327/0.116 for base,
pulley, and plate, respectively. 7050 aluminium is selected for the material of the parts in

the simulation, and in the real prototype.

Starting with the base, two bearings are used for each side of the ball screw to compensate
for the radial and the axial loads. As expected, the critical loading emerges axially in
one direction due to the bungee pretension. Therefore, on a surface, where the outer
ring of those bearings has contact, is applied the determined force value to monitor the

displacement. Additionally, the hole, where the spool bearing is mounted, is selected as
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the fixed surface in the simulation. The resultant maximum displacement is acquired as
0.009 mm. Then, another critical connection surface is detected on the pulley, where the
generated elastic force is applied. Also, its shaft is fixed (see Fig.2.13B), and the assigned

force value is applied on the critical surface. The displacement is obtained as 0.03 mm.

Finally, the plate is simulated considering its connection surface with the bungee guides.
To clarify, first, the bungee is mounted on two guides (illustrated with gray in Fig.2.11),
and one of those guides (right side) has a contact surface with the plate. Moreover, a
ball screw nut is assembled with four screws on the plate for linear motion. Thus, those
connection points are used as the fixed surfaces in the simulation. The same force value is
exerted on the bungee guide-plate surface, and the resultant displacement is detected as
0.002 mm. Consequently, it is clear that the acquired displacements on the components

are intolerance, which verifies the mechanical design.

2.10. Design of Arm Attachment and Benchtop Setup

In the next step, the design of the arm attachment and the benchtop setup is carried out
to evaluate the performance of the developed actuation system, and eventually to build
a wearable support device. As can be seen in Fig.2.14, the actuation system is attached
to the back of the human, and the generated force is transferred to the right arm. First,
the attachments are designed for the back and the arm. For the former one, a compliant
back brace is used, and a piece made from hard plastic is assembled on it to attach the
actuation system. For the elbow attachment, a compliant elbow brace is used, however,

it is modified with respect to the design needs mentioned below.

o [t shall allow the human to perform flexion/extension movements throughout the

targeted motion range in the sagittal plane.

e It should permit to transfer of the generated force from the actuation system to the

arm through the tendon.

e A load cell has to be attached to this brace to measure the tendon force to monitor

the generated force in the assistive device.

e An encoder should be coupled with the arm brace to measure the position of the

forearm.

e As the forearm performs the relative rotational movement with respect to the upper

arm, the direction of the load cell has to be changed depending on the forearm pose

).
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Figure 2.14: The illustration of the developed elbow effort-compensation device on a

human subject. An actuation system is placed on a compliant frame together with the
fixed sensor frame where the load cell and encoder are attached. A mechanically adjustable
compliant arm brace is designed to place it at the center of mass of the forearm for different

subjects.

e The arm attachment for the forearm should be mechanically adjustable since its
position determines the center of mass of the forearm from the elbow rotation axis

(b + ¢ in Fig.1.7), and this distance varies from one person to another.

Focusing on the abovementioned goals, a fixed sensor frame is designed using 7050 AL
material and assembled on the compliant arm brace taking into account the previously
mentioned fixed attachment distances (a,b) and variable arm distances (¢, d) in Table.2.1,
and Fig.1.7. A load cell and an encoder are placed on this frame. Moreover, a small
rotational joint is designed and coupled on one side with the load cell, and on the other

with this frame to allow the load cell to rotate together with the forearm.

Additionally, a benchtop setup is designed considering the similar requirements stated
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Figure 2.15: The benchtop setup where a load cell, an encoder, and a payload are attached
on a rigid link (A), the top view of the manufactured actuation system (B), and the side
view of the actuation system in which the bungee is assembled on the plate to regulate

its elongation with the help of the ball-screw and the motor (C).

above with the bullet points. The principle motivation of such a setup is to decouple
human compliance from the actuation mechanism and to demonstrate the novelty and
the performance of the device through comprehensive analysis expressed in Chapter.4.
Therefore, similar sensors including the load cell and the encoder are attached on a rigid
link (see Fig.2.15A), and a payload is hung to reach the equivalent torque values that of
a human with the max payload (1 kg) written in Table.2.1. A rotational joint is used to
attach the load cell to achieve adaptation to the link motion as it is done for the arm
attachment design. The distance between W, and Oz is [; = b + c. Instead, the lever
length between the weight of the link (W, ), and Os is l,, which is 127 mm.

2.11. Conclusion

In this chapter, the design of the elbow effort-compensation device is studied starting from
the desired max payload at hand to be balanced by the device. Then, the motion range,
and the velocity of the elbow, which the exoskeleton is supposed to provide, are determined

according to the industrial use cases of the SOPHIA European project. Next, force and



2| Design of the Elbow Effort-Compensation Device 41

kinematic analysis are carried out to compute the desired torque of the elbow, the tendon
force, and length that the assistive device shall supply. Afterward, an endless ring-type of
bungee elastic element is incorporated into the actuation mechanism to achieve compliant
force transmission between the actuator (i.e., motor and the ball-screw) and the end-
effector (i.e., human arm or benchtop). Also, thanks to the intrinsic damping feature of
bungee, impact forces or vibrations because of control issues can be absorbed passively
similar to human muscles. In the next step, the possible spool mechanism alternatives are
investigated in view of some criteria specified to maximize the bungee force transmission

while optimizing the energy consumption of the actuator, that is, the size of the motor.

Later on, the 3D-printed prototype is manufactured to verify the functionality of the
actuation mechanism under lower forces. Thanks to this prototype, the motion range,
and the output force profile of the mechanism are verified by conducting open-end and
fixed-end experiments. These tests demonstrated the limitations of the mechanism such
as the stretching and bending issue of critical parts, which eventually prevents to increase
in the output force of the device. The motion range of the elbow is also limited due to

this preliminary design.

To tackle with those challenges, an optimization is carried out in the mechanical de-
sign, and then a computation methodology is studied to select the design parameters.
Afterward, FEA simulations are conducted to monitor the displacements on the critical
parts under the computed maximum bungee force. Finally, the arm attachments and the
benchtop setup are designed considering a number of criteria, and the targeted design
performance values such as a, b, ¢, d parameters in Table.2.1. The manufactured proto-
type of the actuation mechanism is illustrated in Fig.2.15 (B and C). In the next chapter,

several control strategies are presented to be employed on the developed assistive device.
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3 ‘ Control of the Elbow
Effort-Compensation Device

The goal of this section is to express the control techniques developed to be implemented
on the elbow effort-compensation device. Those methods are divided into two to be the
classical and the adaptive control approaches. The fundamental focus is to achieve load
compensation and load release tasks to reduce the effort on the wearers’ biceps muscle,
which is the primary muscle for balancing a load at hand when the upper arm is in a

vertical position with respect to ground.

To begin with, the classical controller covers only PID (Proportional-Integral-Derivative)
type controllers, where all the input parameters are set manually (e.g., elbow position or
desired force profile on the tendon), and the output is determined based on the design
of the actuation mechanism (e.g., bungee elongation). Therefore, the aforementioned
controllers are formulated to demonstrate if the assistive device is met with the design
requirements such as motion range, velocity and the torque reported in Table.2.1. Also,
sensitivity analysis is performed to generate force references for multi-subject by setting
different forearm weights (W,) and arm distances (¢,d) in (2.2). As mentioned in the
previous chapter, the force references are calculated for the forearm and the external load

compensation.

In addition to the classical controller, adaptive control strategies are employed through
complex algorithms to accomplish extensive tasks. To clarify, the load compensation is
performed by estimating the load at hand with the help of an EMG (Electromyography)
sensor attached to the biceps, and eventually generating the new force reference automat-
ically thanks to the developed algorithm. Afterward, when the load is released from the
hand, the device cannot detect this load change and continues to support the user for the
previously estimated payload. Thereby, excessive assistive forces are transferred to the
wearer, causing an unsafe operation. The solution is proposed by constantly monitoring
the power of the exoskeleton, which is calculated taking into account the tendon force and

the velocity. Then, a power threshold is identified considering the users’ periodic motions
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under the maximum payload. At the instant when the arm suddenly accelerates in an
upward direction due to the load change, the power increases sharply, and this triggers
the load release algorithm to exclude the force reference for the external load. Therefore,

the user can continue to perform an operation with the only forearm compensation.

The targeted performance metrics to fulfil in the control of assistive device are stated as

follows:
e high performance force tracking for user transparency, and effort reduction,
e fast and smooth load compensation and load release,
e repeatability of the above-stated operations on multi-subject,

e intrinsic adaptation to sudden reflexive movements or impacts.

3.1. Classical Control Methods

The classical control methods are also investigated under two subtitles as force and the

position control. Both of the techniques are employed for only load compensation tasks.

3.1.1. Force Control

Primarily, force control is adopted in the assistive device to generate the force references
as a function of the design parameters in Table.2.1. The controller is divided into two
stages as the high-level controller (HLC), and the low-level controller (LLC). The load
compensation action is included in the HLC presented in Fig.3.1. Then, the force refer-
ences to achieve that task are generated and fed to the PID regulator. Thus, as a first
step, the derivation of input force reference (Fg) is explained through (2.3). To clarify,
L, and « are constant parameters that are calculated taking into account the fixed sensor
frame dimensions (a,b in Fig.2.2). Next, there is 7 term, which includes 6, the forearm
weight (W,), the external load (Wy), and the lever lengths (I,, and ;). Apart from 6, all
of them are assigned in the beginning of the operation (¢, d, W,, Wp).

During the task, as the user moves his/her forearm, the force reference is generated as
a function of the elbow position. This way of working includes the human intention in
the control loop since the input command comes from the wearer. Thus, the flexibility
of human increases in the targeted task, and we call this strategy as "human-in-command

control’.

Therefore, in the next step, the sensitivity analysis is conducted to calculate the input force
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Figure 3.1: The developed force controller diagram for load compensation. HLC and LLC

—>

represents high-level and low-level controller.

profiles for different users’ forearm/body specifications (¢, d, W,) as in [4]. In Table.3.1,
the ¢,d, W, data of 6 subjects are presented (Note that "S" refers to subject). Also,

several experiments are conducted on these subjects expressed in chapter-4.

Table 3.1: The forearm specifications of the subjects.

Subjects ¢ |mm| d [mm] W, [N]

Sy 70 170 20
S 30 130 15
Ss 50 150 20
Sa 20 150 15
Ss 20 150 20
Se 20 150 20

To begin with, the average value of anthropomorphic ¢/d values are 50/150 mm based on
[14],]6], which means the center of mass of the forearm is measured as the middle point in
between the elbow center of rotation and the hand. Considering this information, a similar
strategy is used to measure participants’ arm dimensions, and results show that majority
of them (S3, S5, Sg) comply with the average ¢, d anthropomorphic values, however, there
are small changes for other subjects reported in Table.3.1. Therefore, ¢ values are adjusted
mechanically for the participants on the elbow brace (see Fig.2.14). When it comes to
W, values, it is set 20 N for male subjects according to [6]. For the female subjects, 15 N

W, is set, and the details of this selection is explained in chapter-4.

Next, the summation of F,, and Fy4 in (2.3) is the total force reference (Fr) to compensate
the external (Wp) and the internal loads (W,). As mentioned earlier, W, is set as 1 kg
(max allowable external load value of the device) in (2.3) in the calculation of F. While
S1, Sy, and Sy have different forearm specifications, Ss, S5, and Sg have the same data.

Therefore, the Fr profiles are computed for Si, So, S3, Sy, and presented in Fig.3.2.
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Figure 3.2: Sensitivity analysis of the assistive force (Fg) for different arm dimensions
(¢,d) and forearm weights (WW,).

After acquiring the input of the PID regulator in HLC (i.e., input force references), the
output is calculated as the desired plate position (Xg) due to the series elastic actuation
design approach. To control the plate position, a PD controller is implemented in the
motor, and this stage is identified as LLC. In this controller, the desired plate position is
always considered as the reference, and then the corresponding motor position reference
(pr) is calculated taking into account the transmission from plate to motor (motor gear
ratio and the ball-screw). Then, the actual motor position (¢y,) is also measured, and
hence the input and output of the controller is the motor position error, and the controlled

motor position, respectively.

To compute the minimum position change of the plate (X,.:,), the position resolution of
the motor, which is 15° based on the datasheet, is considered. Then, the gear ratio (GR)
of the motor (3.9:1), and the ball-screw lead (3 mm), are taken into account, and X,
is calculated as ~ 0.2 mm using (3.1). This resolution is accepted under tolerance for
the targeted application because 0.2 mm plate error generates ~ 5 N force error at the
bungee side based on the average value of bungee stiffness (= 27 N/mm). The effect of
this error on the tendon (Fy) is ~ 2.3 N according to (2.5).

(eMotor )

Xmin = (lead) R

(3.1)
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3.1.2. Position Control

Another way to perform load compensation with the help of the developed assistive device
is the position control through the attached encoder on the elbow. In this case, the input
of the PID regulator in HLLC is the position error, calculated by subtracting the measured
elbow position (0) from the desired (6;), while the output is again the desired plate
position. Finally, the desired plate position is tracked by the plate controller as mentioned
earlier. In such a control scenario, human intention is excluded from the control loop since

the device follows the predefined desired position trajectory.

HLC LLC

Figure 3.3: The developed position controller diagram for load compensation. HLC and

LLC represents high-level and low-level controller.

Additionally, thanks to the elastic element, the device can be operated in a semi-active
way. The bungee can be elongated at a distance to balance the arm at a position, and
then aggressive movements such as an impact can be performed. This mode of operation
requires to perform only LLC, controlling the desired plate position with the help of PD

regulator.

3.2. Adaptive Control Methods

Adaptive control techniques are studied in two steps defined as load compensation and
load release. Force control is performed in both of the actions, yet the load changes
at hand are detected automatically owing to the developed algorithms, and additional

SEensors.

3.2.1. Load Compensation

The main purpose of the load compensation algorithm is to estimate the load at hand

when the user holds it. First, an EMG is attached to the biceps, and only the forearm is
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supported (F)4) by the device. No load is held during this process at hand, and the user
is asked to conduct cyclic movements. Next, the peak values of the measured EMG data
are detected, and the root mean square of those peaks are computed. The resultant value

is assigned as the minimum effort level (Tg) for each subject.

Table 3.2: Load estimation algorithm parameters

a,b,c,d [mm|  Whyre IN| 0o [°] i, te [S]
50, 100, 50, 200 10 50 < 0.001,1

After Ty is identified, any external load introduced to the system (user holds an object
in the hand), will result in an increase in the EMG signal. Thereby, the load estimation
is initiated generating F7, as a ramp function on the tendon to assist the user. For the
derivation of the slope of this ramp function, first, maximum value of Fj in (2.3) is
computed considering the load estimation parameters. To begin with, 6o (applicable
elbow angle) is identified as minimum 50° (f¢,,,, ) or above for the load estimation since
the EMG values change depending on the arm configuration. As expected, it is very low
when the arm is at fully extended position, which means # = 0 in (2.1), and the effort (7)

in elbow joint is close to zero (This prevents conducting load estimation).

After the parameter determination, Fp,,,, is computed as ~ 30 N through (2.3) by
substituting W, = Wy = 10 N, 0 = 0¢,,,,, and other parameters (i.e. Iy, L, and
v using a,b,c,d in Table.3.2). We targeted to generate Fp,,,, in 1 second for proof-of-
concept. As the controller update rate is 1 kHz, Fj,. (slope of the ramp function) can be

computed as follows:

Finc

t, FpLcos(7)
FL:FLP—FFLJMAXE’ :W

(3.2)
where t;, t;, and F,, represents the controller update rate, targeted load estimation time,
and the previous value of FJ, respectively. Fj,. can be calculated as 0.03 N in (3.2). Next,
Wy, is isolated from (2.3), and written in (3.2). Fp is increased (starting from 0) adding

Fi,c on the Fp, to compute the estimated load in this equation.

During this interval, when the EMG reduces below T, the force increment (i.e. Fj,.) is
terminated, and the load is estimated. Therefore, F is updated according to the esti-
mated load throughout the elbow motion range in (2.3), and the EMG signal is eliminated

from the controller. Noteworthy, in recent works, the EMG is used for assistance in which
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its value is multiplied with a gain that has to be regulated during the operation by the
wearer [35], or a fixed gain [47] potentially increasing the mental load of the wearer. In-
stead, our approach does not require EMG signal during the task as the load is estimated
only once through the arm attachment geometry, and the position of the elbow. Addition-
ally, since the main design idea of the device is to reduce the effort for repetitive tasks,
the success rate for load estimation is assumed as a minimum 70% of the actual load.
As the upper limit of the load estimation, +1.5 N is added to the actual load to avoid
excessive support on the arm (e.g., if the actual load is 10 N at hand, the estimation of
Wy, is acceptable up to 11.5 N).

L Load
release

HLC w

X

estimator |Fy,

O]
>
m
<0 e
Forearm ‘
support Fy | s
(7]

Figure 3.4: The developed adaptive controller diagram for load compensation and load

[ ——»

U

release tasks. HLC and LLC represents high-level and low-level controller.

3.2.2. Power-Aware Load Releasing

As previously mentioned, one of the challenges of assisting people using wearable devices
with force control is to adapt the exoskeletons’ response when the object, held by the
user, is released from the hand. At that instant, the device pushes the arm in an upward

direction since the force reference is generated for the load and the forearm.

To achieve a fast force reference transition to only forearm support, yet smooth and intu-
itive, we correlate the output power and the force reference of the exoskeleton. Starting
from the former one, it is supplied through a tendon cable (wrapped around the spool)
to the user. Therefore, the calculation of the power (Pg,,) is conducted based on the
velocity () and the force (Fys) of the tendon in (3.3).

PEzo = Fan T = T spoolW (33)

In the method, first, a power threshold (P, ) is set taking into account the max payload

(W) and the elbow velocity that the exoskeleton shall generate to assist the user for a
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task. Next, when contact is lost between the object and the user, the Pg,, goes beyond
the Pyrq, due to a sudden load change. Accordingly, the force reference for the load (F7) is
multiplied by the coefficient 5 (see Fig.3.4), which becomes zero to eliminate the portion
of Fy, in (3.4). Hence, only arm support (F4) is fed to the system as the force reference

to achieve an adaptation to the load change.

Fr=F 04+ F4 (34)

O, if PExo > PMaz

1, otherwise.

Consequently, the proposed method allows the wearer to perform motions with Wy,
unless the Py, is exceeded. Moreover, the reason for the unidirectional power threshold
is that the unsafe movement (pushing in an upward direction) can only take place in
flexion movement since the effort-compensation device stores the energy in this direction
by tensioning the bungee. For assistance in extension, this stored elastic energy is used
by releasing the bungee depending on the arm position. Since the sign of the power in
flexion movement is positive due to the direction of Fj; and i, the Py/,, is assigned as a

positive value expressed in the next chapter.

3.3. Conclusion

In this unit, control strategies are explained to carry out load compensation and load
release tasks on the developed elbow effort-compensation device. The algorithms are
categorized into two steps to be classical and adaptive control. The former one includes
only a simple PID regulator whose input is elbow position, plate position or desired force
to conduct load compensation action. The parameters of those input signals (e.g., Wy, for
force control) are identified manually, while the output is the plate position to regulate the
bungee elongation with the help of the motor. The sensitivity analysis is also implemented

to compute force references for subjects with different forearm specifications.

Later on, the above-mentioned control approach is extended, and adaptive strategies
are developed to achieve more complex tasks. To start with, the load compensation
is accomplished with the help of the EMG-based control interface, generating the force
reference automatically for the estimated payload at hand. Next, a power-aware load

releasing control technique is proposed to perform adaptation to the load change. For
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instance, the challenge is detected in the literature that according to our knowledge, there
is no any work to tackle with the load release action when the exoskeleton is controlled
under force. What happens at that instant is that the device cannot recognize the fact that
the load is released by the wearer. Thus, extreme assistive forces are transferred to the
user. To overcome this issue, a load releasing control method is designed by continuously
tracking the power of the device. When the power surpasses the predefined limit calculated
taking into account the periodic movements of the wearer under the maximum payload,
the external load portion of the force reference is removed from the control equation.
Hence, the human can perform the task under only forearm compensation safely. In
the next chapter, the validation of the presented control algorithms are expressed by

conducting several comprehensive analysis and experiments.
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4: Experiments and Results

The goal of this section is to demonstrate the effectiveness, and performance of the devel-
oped effort-compensation device through several experiments. The designed test protocols
are classified into two subtitles to be the design, and adaptive control validation tests.
The former, and the latter are carried out by making use of the previously explained
classical, and adaptive control techniques, respectively. The tests are conducted on both

benchtop in Fig.2.15A and human subjects in Fig.1.7.

4.1. Design Validation Experiments

In this chapter, the experiments are structured to focus on the strength of the design
through simple control algorithms. For instance, a number of analyses are carried out to
demonstrate the impact and vibration isolation capacity of the bungee, energy analysis,
force tracking performance, and effort reduction percentages. First, only the actuation
system verification tests are carried out on a benchtop setup. Next, human experiments

are conducted.

4.1.1. Actuation System Verification

The actuation system is tested on a rigid link, which is manufactured with the same
dimensions as the arm attachments distances, presented in Fig.2.15A. Also, different
payloads are hung on this link to see if the design can meet the targeted values reported in
Table.2.1. In the experiment setup, a load cell (FUTEK-LSB201) is attached to the link
to measure the cable tension, and a 2 Hz Butterworth low-pass filter is used to filter the
force data. Additionally, two encoders are used to measure the position of the link (Enc-
1), and the spool (Enc-2), respectively. 6 Hz Butterworth low-pass filter is applied to both
of them. A motor driver and a data acquisition card, which are communicating with the
help of EtherCAT at 1 kHz, are utilized to control the system in MATLAB® /Simulink

Real-Time interface.

The system can operate under force and position controllers. The reference of the force
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Table 4.1: Control gains of the actuation system verification test.

Controller Kp K; Kp

Force 0.1 6 0.002
Plate 12000 O 5
Position 10 200 0.8

is estimated using (2.3), and it is changed for each payload manually. F7, is generated for
1,2, 3, and 4 kg payloads (Wp) for I = b+ ¢, while F4 is calculated considering the link
mass (0.42 kg), and its distance from link rotation axis ({, = 127 mm). Next, the measured
force is acquired through the attached load cell, and Enc-1 is used to update the force
reference depending on the link angle in (2.2). PID-based force and position controllers
presented in section-3.1 are employed with assigned gains illustrated in Table.4.1. Since

the system is nonlinear, the control gains are tuned manually.

Experimental Procedure

Four experiments are carried out to evaluate the proposed actuation system. In experiment-
1, the force tracking performance during joint flexion and extension movements is verified.
A simulation is created in MATLAB®to give visual feedback to the human operator with
the help of an avatar to perform the desired movements with 15 deg/sec. During these
flexion /extension movements, the actuation system is expected to balance a range (1-4

kg) of payloads.

In experiment-2, a power analysis is carried out while measuring the output (Pp) and input
power (FPr) of the system. With the link load of 4 kg, the device is fed with a sinusoidal
wave link position reference with 0.055 Hz (10°/s), 0.111 Hz (20°/s), and 0.166 Hz (30°/s)
frequencies with 2 repetitions under position control without any external intervention
to avoid transferring power to the system. The former is acquired by multiplying the
measured force and the cable velocity, whereas the latter is carried out by multiplying
the current of the control board and the motor voltage. The cable velocity is computed
by multiplying the spool radius with the spool velocity measured through Enc-2. Note
that the current sensor is connected between the power supply and the control board to

include all the elements’ current consumption including the motor.

In experiment-3, the same experimental protocol as experiment-2 is carried out, while the
test is conducted with and without the bungee. For both test setup, the same control
gains are used to compare the two setups under similar conditions. The motivation of

this experiment is to monitor the measured force trends and to prove how the system



4| Experiments and Results 55

intrinsically isolates the vibrations under high frequency movements thanks to the elastic

element.

Finally, in experiment-4, the impact isolation capacity of the system is estimated through
a ball-catching task. A 1 kg rigid ball is released from 80 mm height to a bowl-shaped
plastic part that is assembled with the link (see Fig.4.4c). This test is also conducted
with and without bungee setups, and repeated 3 times for both cases to experimentally
demonstrate the impact absorption of the bungee. To do that, the plate is moved to a
position in which the link position is 90°. Note that only the plate controller is activated,
and no control is employed on the link position to allow the link to perform oscillated

movements under the impact force.

onn g ] 4 k
gf!f- s -—-_____.---------m-::::.ﬂ 7

40 |
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Figure 4.1: Experiment-1 results for balancing different payloads on the link. RMS values
of force/plate positions error for 1 kg, 2 kg, 3 kg and 4 kg are 1.38 N/0.23 mm, 1.6 N /0.26
mm, 1.63 N/0.27 mm, and 2.07 N/ 0.33 mm, respectively.

Experimental Results

Based on the experiment-1 results presented in Fig.4.1, the RMS values of force/plate
positions error for 1 kg, 2 kg, 3 kg and 4 kg are 1.38 N/0.23 mm, 1.6 N/0.26 mm, 1.63
N/0.27 mm, and 2.07 N/ 0.33 mm, respectively. The plate position error is due to the
resolution of the motor that is mentioned before (X,.;,). It is clear that the cable force
reaches up to 60 N, and the motion range is measured between 0° to 95°, which meets
with design requirements in Table.2.1. The reason why the measured force is smaller for
the flexion than the extension movement is that the human operator is applying force to
move the hung load for the flexion, and helping the actuation system for the balancing.
Instead, for the extension, the user is pushing the elbow, and the measured force becomes

greater than the reference. Therefore, those force differences emerge due to the interaction
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force, and the force tracking error of the controller.
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Figure 4.2: The results of experiment-2. Yellow, and green areas on the graph shows the

flexion, and extension interval of the link, respectively.

Considering the experiment-2 results in Fig.4.2, as expected, the P; is always greater than
Po, and their values increase as the frequency of the movement raises. When the link
is in flexion interval (highlighted in yellow), Py is positive while it is negative for the
extension (highlighted in green) due to the velocity direction change. The reason why
Py is sharply higher during the flexion than the extension is that the bungee is tensioned
until the link reaches its maximum position (0 = 90°). Then, when the link starts the
extension movement, the motor always brakes by releasing the bungee and using the
elastic energy that the system stored during the flexion phase. Then, the RMS values
of input/output power throughout the experiment are computed as 2.41/1.31 Watt, and
the power efficiency is calculated 54.31%. The reason for the power loss is because of
the frictions in the system such as tendon connections, the damping effect of the bungee
that dissipates some energy from the system, and a small amount of loss comes from the

efficiency of the motor and ball screw which are 87%, and 80%, respectively.

In experiment-3 results depicted in Fig.4.3A, the measured force values are demonstrated
under repetitive movements at different frequencies with and without bungee cases. To
monitor the oscillations in the frequency spectrum, FFT analysis is performed in MATLAB®.
As presented in Fig.4.3C, the highest amplitude is observed close to zero frequency since
the highest movement frequency of the link is 0.16 Hz. However, after ~ 1.5 Hz, there

is a significant magnitude difference in between with and without bungee data, which is
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Figure 4.3: The results of the experiment-3 for with and without bungee cases. A) The
measured force, and B) its 1.5Hz high-pass filtered profiles. C) The FFT analysis of the

measured forces.

due to the vibrations that occur on the tendon (see zoomed view in Fig.4.3). To com-
pute the amount of these vibrations, 1.5 Hz high-pass filter is applied on the force values,
and the resultant profiles are illustrated in Fig.4.3B. Taking the RMS values of the with
and without bungee data, the vibration reduction is calculated as 50.74% with respect
to without bungee case, which is a quite promising result to show the intrinsic vibration

isolation ability of the bungee element.

Finally, the experiment-4 results are presented in Fig.4.4 with (a) and without bungee (b)

cases. It is clear that the first impact force is slightly higher for without elastic element
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Figure 4.4: Experiment-4 results for with (a), and without (b) bungee cases. The illustra-
tion of the experiment setup (c). fi, and f, are the first and second peaks of the impact

forces.

than the other. Moreover, the ball only bounces one time for the with bungee setup,
and then it is damped quickly. However, for without bungee case, the ball bounces three
times with higher impact forces. To estimate the damping ratio for the two setups, the
logarithmic decrement is used for the first two consecutive force peaks, and the following

formulas are adapted based on [2].

Cog (2 0
0 =log <f2) , DRI = NCENeoE (4.1)

According to the RMS value of 3 repetitive test results, the damping ratio index (DRI) is
estimated for with/without bungee as 0.47/0.3. Finally, the percentage of the DRI incre-
ment with respect to the without bungee case is calculated as 56.14%, which demonstrates

the significant shock absorbing ability of the bungee.

4.1.2. Human Experiments

The developed assistive device is tested on 6 young healthy human subjects (28 + 3 years
old, 2 female, and 4 male) in an equivalent industrial painting task (see Fig.1.7) to monitor
the effort reduction, which was carried out at the Human-Robot Interfaces and Interaction
(HRII) Lab, Istituto Italiano di Tecnologia (IIT), and approved by the ethics committee
Azienda Sanitaria Locale (ASL) Genovese N.3 (Protocol IIT HRII SOPHIA 554/2020).

The heights (subject) of the subjects are 194 cm (S), 170 cm (S3), 179 cm (S3), 173 cm
(S4), 183 cm (S5), 182 cm (Sg). A PID-based force control (Kpy = 0.07, Ky = 4, Kpy =

0.002) is employed on the assistive device using the load cell and Enc-1 to include the
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users’ intention. The method on the generation of the force references for the subjects is
explained in section-3.1.1. However, the validation of W, values assigned for the subjects
has not expressed yet. To clarify, it is reported in section-3.1.1 that W, is set 20 N for
male subjects based on [6]. To verify this value, an EMG is attached to the biceps muscle
to monitor the effort level under forearm compensation. To do that, only F)4 is generated
using (2.3), and subjects are asked to do quasi-static motions while measuring their effort.
According to the results, their normalized EMG values are less than 2% (considered as

lowest EMG threshold), hence, the assigned W), is accepted for the male subjects.

For the female subjects, 20 N W, is monitored as excessive support based on their feed-
back, and this value is reduced to 15 N while measuring their biceps effort level. Similarly,
their EMG values are measured below 2%, and 15 N is set for the female participants.
As mentioned before, 20 N is the average value for the forearm weight in the literature,
but small changes can be expected in between genders. Therefore, the assigned W, values
are also experimentally verified to monitor if the wearers’ are supported in a comfortable

way.

Throughout the experiments, the muscular activities of the biceps brachii, which is the
main muscle for the flexion movement, are recorded through the wireless sSEMG system of
Delsys Trigno platform by Delsys Inc (Natick, MA, United States). The raw data of EMG
is acquired at 2 kHz, and post-processed in MATLAB®using a second order high-pass
filter with 0.1 Hz. Then, full-wave rectification is implemented, and finally, a second-order

low pass filter is applied with 2.5 Hz.

Experimental Procedure

The designed experimental setting is shown in F'ig.1.7, in which a paint sprayer is held by
the S7 and moved across virtual points to represent a rectangular painting path starting
from point-1 to 4 in the sagittal plane during 5 minutes. Moreover, participants are
prompted to perform movement in the range of 30° £ 5° (lower limit) to 80° £ 5° (upper
limit) flexion /extension movement in between points 2—3 and 4—1 in ¢; = 2.540.5 second.
Also, ty is defined 1.5 £ 0.5 second for the shifting movement in between point-1 and 2
and point-3 and 4. The participants are guided through an external counter, which gives
an audio feedback by counting in between points to finish the task in ¢; and ¢, seconds.
Another audio feedback is created to inform the subjects about lower and upper limits
of the motion range. If the users’” movement is below 25° or above 85°, this is considered

the free motion, which is a possible scenario for the workers in the manufacturing lines.

The experiment is conducted with (W/) and without (W/O) assistance case in a ran-
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domized order as in [52|. For the latter one, the device is again worn by the user, yet the
cables are slack. The EMG, elbow position, and velocity are recorded to compare them
'with assistance’ results. 10 minutes rest is also given to subjects in between W/ and

W /O assistance tests to avoid fatigue in their muscles.

Experimental Results

The results of the experiment for W/ and W /O assistance cases are presented in Table.4.2,
which reports the RMS values of the elbow velocity, flexion/extension time (¢;), force error
on the tendon, normalized EMG values, maximum (0, ), and minimum positions (0y;,),
and finally effort reduction percentages for male (M) and female (F) subjects. First, the
Orrar and Oy, are detected for each cycle (flexion/extension) on the data, and their
RMS values are calculated to compare it with the experiment requirements. Moreover, t;
values are also computed by dividing the 6g; ference (Orraz —Onin) to the measured velocity.
Results show that apart from the 0,,,, of S5 for with assistance case, and 04, of Sy for
without assistance, all subjects successfully completed the task in the range of assigned
velocity and motion range. Moreover, the effort reduction for Sg is marginally below 50%,
showing slightly different results than others. However, the differences between the results
and targeted ranges are quite small, and we believe that they can be improved with the

short training phase.
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4.2. Adaptive Control Validation Experiments

In this section, the performance of the presented adaptive control interface in section-3.2
is studied through two experimental studies. The first experimental study focuses solely
on the validation of the power-aware load release on a bench-top setup (see Fig.2.15A),
whereas the second one validates the load estimation method and the power-aware load
release on 8 healthy right-handed human subjects (2843 years old), which was carried out
at the Human-Robot Interfaces and Physical Interaction (HRII) Lab, Istituto Italiano di
Tecnologia (IIT), and approved by the ethics committee Azienda Sanitaria Locale (ASL)
Genovese N.3 (Protocol IIT HRIT SOPHIA 554/2020).

In the benchtop test, different payloads (max 3.9 kg) are hung on it to reach a similar max
Fpr value as the human arm with targeted loads (0.5 and 1 kg). On the other hand, in
the human tests, the effort-compensation device is worn by the participants (see Fig.1.7
for S1), and the data including T, Phres, and W, are illustrated in Table.4.3. A simple

calibration phase is designed to measure them.

In both tests, force references are generated using (2.3). For the benchtop test, l,, [,
and W, are considered as 127 mm (lever length between Oz and the point of W,), b+ ¢
(load lever length), and 0.42 kg, respectively. Moreover, for the human experiments, [,
and [, are taken into account as it is stated in section-2.1. Similar sensors (i.e., load cell,
EMG, encoders), filters, and control gains as in section-4.1 are used in the experiments.

Additionally, the velocity of the spool (w) is also recorded.

4.2.1. Benchtop Experimental Protocol

Three experiments are conducted to validate the developed power-aware load releasing
method. Experiment-A is designed without defining a power limit. First, the user varies
arbitrarily the link position under 2 kg payload to represent the flexion/extension move-
ment. Then, this load is removed suddenly from the link at a position to show the problem
of sudden power increment on the cable. In experiment-B, the power threshold is defined
as 1 Watt (W) based on a cyclic motion for 2 kg load with the desired velocity of the
link, which is 10°/s (wg1). The user is asked to conduct flexion/extension movement on
the link with this velocity by following the avatar that is created in MATLAB®. Finally,
the load is taken out at around 35°. In experiment-C, the payload is increased to 3.9 kg,
and the link position is changed with 25°/s (wg2) by the user using the same simulation
(different velocity) mentioned above. Also, the power threshold is set as 3 W, and the

user is asked to remove 2 kg load at around 90° to show the performance of the controller
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at a different load-releasing position.

4.2.2. Benchtop Experimental Results

In Fig.4.5b, the results of experiment-A are presented. At t = 4.5 s, the load is removed,
and w reaches up to 80°/s showing an unsafe movement due to the generated force ref-
erence for the load. When it comes to experiment-B results in Fig.4.6a, at t = 4.2 s, the
load is taken out, and, # becomes zero since Pg,, exceeds the power limit (illustrated in
green area) according to the condition in (3.5). Hence, the portion of Fy, is eliminated,

and the device is fed only the link mass compensation (Fjy).

'—'3 _PE'zo

=3 —EMG
0 05 1
a) time [s]

Figure 4.5: a) The experiment-1 results, where no power limit is defined in the exoskeleton,
and 10 N load is released by S; to monitor force jump on the tendon. b) The experiment-

A results where the link is hung 2 kg payload without setting Py, in the benchtop setup.

In experiment-C results (see Fig.4.6b), since the load on the link is increased to 3.9 kg,
the Fr reaches up to 60 N. Here, F7, is considered for 2 kg and 1.9 kg, separately, and only
the former one is multiplied by . Therefore, it can be clearly seen in Fig.4.6b (second
row) that the dashed line and the orange line move together until ¢ = 5s (pointed out in
green area) in which the load-releasing starts. Then, when the power goes beyond the
assigned limit, the force reference that belongs to 2 kg (F71) is multiplied by 5, and its

effect on Fj is terminated. Then, the user conducts free motion with the remaining load.

Important to note that, the adaptation time to new force reference in experiment-B and
experiment-C are monitored as = 0.4s, even though the load is released at 33° and 85° (see
the zoomed views in Fig.4.6). During this interval, the link position increases 13°, and

then settles to its previous position with minimal error, which is quite a rapid adaptation
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740t
~ 20!t

—

I 10+

[LI/s]

0 ) 10 12

time [s] time [s]

Figure 4.6: a) The experiment-B results where the load releasing is tested under 2 kg
payload on benchtop setup with Py, = 1 W, and b) The experiment-C results in which
the load releasing is performed under 3.9 kg payload on the benchtop with P/, =3 W.
Green area shows the time interval of load-releasing. The dashed purple circle illustrates

the load-releasing phase for zoomed-view.

since both velocity and force of the tendon are taken into consideration to limit the
power. Additionally, the root mean square (RMS) error of the tendon force (Fr — Fy)

for experiment-B, and experiment-C are computed to be 0.84 N, and 1.91 N, respectively.

4.2.3. Human Experimental Protocol

The procedure is initiated with a calibration phase. First, the subjects’ forearm weight is
measured to estimate F4, and to separate the effect of external load on the biceps muscle
when the user holds a load. In other words, if a constant W, is assigned for all subjects,
and if this value is lower than the actual one, the users’ effort may increase. Eventually,
this could be sensed by EMG as a load at hand. Also, if the aforementioned weight is
higher than another user’s forearm weight, the device could apply excessive support to
the user. Due to these reasons, the subjects are asked to let their arm be compensated

by the exoskeleton at 90°. Making use of the measured tendon force and elbow position,
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W, values are computed through (2.3) for each participant.

After this step, the device is fed only F4 (see Fig.3.4) using the computed W,, and the
subjects follow the avatar (the similar simulation mentioned in 4.2.1) that performs the
movement with wg;. Throughout this period, the normalized EMG values, which are
acquired through maximum voluntary contraction (MVC [%]), are measured to compute
the Tg (The details of the computation is mentioned in 3.2.1). Later on, participants are
given Wy, as the load, and F is fed to device for this payload through (2.3). During
this period, subjects pursue an avatar, which conducts flexion /extension movements with
wg2, while measuring the power of the exoskeleton to record the Py, value. At the end

of this process, Tk, Pyqaz, and W, parameters are determined for each subject.

The reason why P, values (see Table.4.3) differ for the subjects although there is a
small difference in their forearm weight is because of the different elbow velocities. This
happens due to the visual feedback (avatar) that subjects try to follow, and possible
velocity errors have an effect on the power values. 0.5 W is also added to the measured
power values as tolerance in case of sudden reflexive movements that might occur during

the experiments.

To start with, experiment-1 is conducted to monitor the sudden force jump on the cable
when Wy, is released from subject-1’s (S;) hand. No power limit is defined, and the
user is assisted with this load and forearm weight. During the test, the EMG data of
the subject is also recorded to make sure that there are no anticipatory movements.
In experiment-2, only the load compensation algorithm is verified on S; for the same
payload. The subject is asked to perform flexion movement following the avatar that
conducts the desired motion with wg;. When the arm reaches the range of 6., the load
is released to the subject-1’s hand smoothly, and it is balanced instantaneously by Si,
which initiates the load compensation algorithm. Afterward, experiment-3 is carried out
to validate only the load-releasing algorithm on the same subject for the same payload. To
do that, the participant is informed to perform deliberate movement following an avatar
that carries out the desired motion with wg. Then, the load is released at a position

without contracting the arm (i.e. naturally).

Next, experiment-4 is conducted to verify the developed load-compensation and load-
releasing algorithms together in the same season through two different payloads (0.5
kg and 1 kg) on 8 subjects. The participants perform the same protocol mentioned
in experiment-2 (load-compensation), and experiment-3 (load-releasing), consecutively.
Finally, experiment-5 is carried out, and the subjects execute flexion /extension movements

with wge following the avatar. In this case, the exoskeleton is powered off, and the cable
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is slacked. The goal is to observe the effort reduction on the biceps muscle thanks to
the load-compensation and release algorithm. Throughout the human experiments, 10
minutes rest is given to the subjects in between 0.5 kg and 1 kg payload tests to minimize

the development of fatigue.

4.2.4. Human Experimental Results

According to the experiment-1 result in Fig.4.5a, the subject starts doing flexion move-
ment until £ = 0.8 s, and then releases the object. It is clear that the device moves the
arm ~ 60° in 1 second (no anticipatory movements are observed on EMG data), and then
the system is powered off immediately. As expected, Pg,, also sharply rises up to 6 W,
and this behavior is not safe. Thus, Py, is defined in experiment-3 (see Fig.4.7b), and
the results show that when the load is released, the device adapts to only F4 eliminating

the Fp, in 0.4 s thanks to the [ term in the power-aware control strategy.
65 80
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Figure 4.7: (a) The experiment-2 results of S; where only load-compensation algorithm
is tested for 1 kg load, and then only load-release is performed for the same payload on
S1 with Pyra, = 3 W in experiment-3 (b).

When the experiment-2 results are investigated in Fig.4.7a, the user performs deliberate
movement until £ = 30s. After that, the object is held by the user, and EMG goes above

Tg. This triggers the load-compensation algorithm, and F, starts to increase until EMG
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reduces below the minimum effort level. After that, W is computed, and Fp, is included
in the force reference together with Fy (Fig.4.7a). The summation of these two terms is

presented in the first row of the same figure (Fg).

Regarding the experiment-4 results in Fig.4.8, S; executes flexion movement until t = 4
s (a), and t = 2 s (b). During those periods, Pg,, does not exceed the Pps,,, and FJ, is
zero since EMG is below Tg. Hence, only F4 is transferred to the wearer. When the load
is released to the users’ hand, the EMG increases (most bottom plots), and this initiates
the load-estimation algorithm by generating F. As soon as EMG settles below Tg, the
Wy is computed. Then, S; performs free-motions, and releases the load around ¢t = 30
s, and t = 35 s for 0.5 kg, and 1 kg, respectively. At those instants, Pg,, surpasses the
Pyraz, and Fr, becomes zero. Important to note that, although the objects are released at
different positions (see Z.5 and Z.6) the adaptation time to only arm support during the

load-releasing is around 0.6s.

The results of Sy, and S3 for the same experiment are shown in Fig.4.9. In this case,
the Pyroz, and Tg are different from S; (see Table.4.3), which changes the EMG trends
among subjects for the load-compensation phases. The fluctuations on F); during the
load-releasing phase comprises from the bungee elastic element integrated in the actuator
design. To clarify, since FJ, is eliminated from Fr as a step signal, the bungee acts as a
mechanical filter between motor and the arm, transmitting this sudden change of motor
to the user in a compliant way (shock absorbing). Additionally, the load-releasing and
load-compensation time values are reported through zoomed views in Fig.4.8, and Fig.4.9.
The load change duration is taken into account when F); settles on Fg after the load-
releasing or compensation phase. Throughout the load-releasing phases, the effort on
EMG is monitored below T value, which demonstrates that the device naturally adapts

the assistance to the remaining payload without disturbing the users’ comfort.

Finally, the data of all subjects for experiment-4 are presented in Table.4.3, and statistical
analysis is carried out in MATLAB®for the effort reductions, load compensation time
(t1), and load release time () with the level of significance 0.05. If p (p-value) is above
this value, this means that the data is not significantly different. Otherwise, there is a

significant difference among the selected data.
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For the effort reduction results, Wilcoxon rank sum test is carried out since the data is not
normally distributed. p is acquired to be less than 0.05 for both payloads. This concludes
that the data in between powered and non-powered cases are significantly different, which
is an expected outcome. When it comes to t;, and t3, Wilcoxon signed rank test is
conducted, and the desired median value of ¢;, and ¢, is applied to be 1 second (targeted
load-estimation time (¢;), in (3.2)). According to the results, p (time) values are acquired
to be 0.81 (1), and 0.94 (t2), for 0.5 kg and 1 kg, respectively. This demonstrates that the
results are statistically not different, showing trivial differences around the desired median
value. Furthermore, the mean valuetstandard deviation (payload) of the ¢; are calculated
0.984+0.31 (0.5 kg), and 14+0.29 (1 kg), and it is also computed for t5 to be 0.91+£0.49 (0.5
kg), and 0.86 & 0.3 (1 kg). The reason why the load-releasing time for 0.5 kg is slightly
higher than 1 kg (see Fig.4.9) is because P, is assigned by considering 1 kg payload
at the beginning instead of the online estimated loads. Thus, the worst-case scenario
is taken into account in the test procedure. Lastly, the mean valuet+standard deviation
(payload) of the W, estimations are computed as 5.59 +0.52 N (5 N), and 8.74 + 1.08 N
(10 N) both of which are under the tolerance of the desired Wy, values. Additionally, the
mean valuetstandard deviation (payload) of the minimum/maximum elbow positions [°|
are reported to be 11.97 £5.31/74.2+7.76 (0.5 kg), and 10.63 £ 7.27/69.3 £10.55 (1 kg).
The reason for the variations on 6,;,, is that the participants are informed to conduct
deliberate movement while following the avatar. This allows us to acquire similar arm
velocities as that of the avatar, and eventually to keep the Pg,, below Py, value unless

there is load release action.
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5 ‘ Discussions and Conclusions

5.1. Discussions

In this chapter, other relevant observations of the actuation system, design and adaptive
control validation tests are discussed. Starting from the experiment-1 results of design
validation test in chapter-4.1.1, the motion range is measured as 95° under 4 kg load
(max Fg = 65N in Fig.4.1). However, for the human tests, the motion range of the S,
whose Fg value is highest among the subjects, can perform up to = 80°. The reason for
this dissimilarity arises from the compliant coupling design of human attachments. As
expected, the force transmission for the link is more accurate than the human arm, which
is compliant and leads to a force loss during the assistance due to small sliding on the
arm attachments. Hence, the bungee elongation is more for the arm than the link under
the same Fi. Therefore, the required ball-screw stroke to generate the max Fgr increases,
and the device size has to be enlarged to perform the same motion range as that of the
benchtop setup. On the other hand, for the lower Fr values such as S5, the motion range

reaches up to 88°, which justifies the above hypothesis.

Additionally, the average force error of all subjects in human experiments of design valida-
tion test (see Table.4.2) is calculated as 4.88 N, which is partially due to the low resolution
of the motor mentioned in Sec.3.1.1, and the response delay of the actuation system due to
the fast movements. This results should be improved in the future. However, we believe

that the effort reduction percentages are significant despite the current control errors.

As a limitation, the developed assistive device can be operated in such a way that the
upper arm is always in a vertical state. This limited way of working should be refined in

the future to enhance the applicability of the device to a variety of tasks.

On the other hand, investigating the other hybrid soft exoskeletons assistive torque (Nm)
/ device weight (kg) ratio (excluding the power supply), 3.4/2 in [65], 21/7.5 in [31],
10/ ~ 2.5 in [38], and 5/2.45 in [57]. Moreover, we found in [66] that the efficiency of

electric motor-tendon unit-based exosuits is 0.6.
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Considering our device, it can generate up to 6.8 Nm torque with 1.6 kg weight (including
arm attachments) with 0.54 power efficiency, which has a higher torque/weight ratio than
the above-mentioned works. The reason for the small difference in efficiency between ours
and other works may stem from the energy dissipation property of the elastic element.
However, we believe that the advantages of having a high damping ratio are crucial to
mimic the same characteristic of our muscles [40], absorbing the impulsive forces, and

achieving a compliant force transmission to limbs.

When it comes to adaptive control validation test results, the average load-releasing time
for the two payloads in human experimental results is acquired as 0.89 second (see Ta-
ble.4.3). However, as expected, the load-releasing time on benchtop setup is sharply lower
than human, measured as 0.4 s in Fig.4.6. The reason for this is due to the compliant cou-
pling between the exoskeleton and humans as well as load estimation errors, which causes
to demonstrate lower forces on the tendon, and eventually increases the time duration to

reach the assigned power limit.

However, we believe that the implementation of power in the area of exoskeletons for
load-transition in force control has significant advantages since we intuitively change the
force reference without increasing the effort on humans or setting manually the payload as
it has done already in the literature [23],[47]. Additionally, the method can be applied in
any force/torque controlled assistive device including rehabilitation and, active daily life
exoskeletons for different limbs such as shoulder, back, or even knee, as long as the torque

and the velocity of the joint are measured (minimum requirement) for the computation
of PExo-

5.2. Conclusions

In this thesis, the design and the control of a new assistive device to be used in manufac-
turing lines is presented. First, a design methodology was carried out starting from the
torque and the motion range of the elbow. Then, an endless shape bungee was selected
as the elastic element to achieve complaint force transmission between the human and
the device. Next, a spool system was developed, and its force analysis was conducted to
calculate the desired elastic force in the selection of the bungee, the motor, and the ball
screw. Next, the mechanical design was optimized through the methodology, and then
the FEA simulations were carried out for the critical parts to avoid stretching in the real
prototype. Moreover actuator verification tests were conducted with and without bungee

element to demonstrate its effectiveness at high frequency movements.

Results demonstrated that, the device isolated the vibrations 50.74% with respect to the
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no-bungee case. Also, the damping ratio index of the mechanism is estimated, which is
56.14% more than that of no-bungee setup. Furthermore, an equivalent industrial paint-
ing task was designed to evaluate the device on 6 human subjects. A sensitivity analysis
was performed to verify the adaptability of the device to different arm specifications.
The mean valuetstandard deviation of the measured elbow velocities [°/s] and maxi-
mum positions [°| are 22.38 £+ 5.03, and 78.8 + 4.89, respectively. Moreover, the mean
valuetstandard deviation of average effort reduction |%| values among subjects are com-
puted as 64.42 + 11.2. It is clear that the target values in Table.2.1 are acquired with a
marginal error thanks to the developed design methodology in Section 2, which is unique
to our design and provides us with realistic evidence through parametric calculations

before manufacturing the prototype.

Apart from the contributions on design and its overall validation, adaptive control meth-
ods are developed to increase the flexibility, and usability of the effort-compensation
device. A new control strategy is presented for sudden unloading tasks through the power
of the force-controlled elbow effort-compensation device. First, the developed method is
tested on a benchtop setup hanging 2 kg and 3.9 kg payloads, at different link speeds, and
different load-releasing positions. Then, load estimation is also accomplished through a
control strategy utilizing EMG sensor data attached to the user’s biceps muscle. Later
on, load-releasing and load-compensation operations are carried out separately on a sub-
ject. Finally, the overall scenario is verified for both actions consecutively in the same
experiment on 8 participants with different payloads, different arm speeds, and differ-
ent load-releasing arm positions. In addition, the subjects performed the desired tasks
through the simulation without the exoskeleton to show the strength of the developed
control method in terms of effort reduction. Results show that the mean valuetstandard
deviation of the effort reduction |%| among subjects for 0.5 kg and 1 kg is 66.42 £+ 15.92,
and 67.11 + 16.49, respectively.

As a future study, we aim to conduct the load compensation and release algorithm in
different experimental conditions such as blindfolded to monitor the ¢;, and ¢y values
under unpredictable perturbations as in [17]. Also, we plan to test the algorithm in more

repetitive use cases such as pick and place in a real industrial scenario.
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