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Abstract

The advent of the Industry 4.0 paved the way for new ways to automate indus-

trial processes by using robotic systems to realize a Ćexible automated man-

ufacturing system. Activities involving Human-Robot Interaction (HRI) are

promising solutions to achieve higher and more Ćexible productivity. The com-

bination of the decision-making ability of humans with the intrinsic character-

istics of robots (i.e., repeatability and accuracy), turns out to be the winning

strategy to increase productivity.

The use of robots can be also exploited in Ąelds of applications different

from the industrial ones, such as the healthcare sector. This emerging Ąeld is

expected to grow in the face of demographic change (ageing), calls for improving

quality of life for the elderly and disabled, and the need for even higher quality

care, for example high precision surgery. All these factors stimulate innovation

in the domain of robotics for the healthcare increasing the value of care in

terms of health, social and economical beneĄts.

Robotic devices have the intrinsic ability to perform repetitive tasks with

high repeatability and rehabilitation robotics have become increasingly relevant

in the past years as new technologies have become available. Currently, there

is a wide range of robotic devices used in rehabilitation which can be classiĄed

according to their mechanical structures (end-effector and exoskeleton devices).

The end-effector types can be correlated with industrial collaborative robotic

arms, (also called cobots), which enable direct interaction with human opera-

tors, sharing their workspace. Nowadays only one cobot speciĄcally designed

for rehabilitation is in the market, i.e. the ROBERT system from Life Sci-

ence which uses a KUKA cobot for the early mobilization of patients. A cobot

assisted-therapy can provide intensive and task-speciĄc solutions for rehabili-

tation processes. The cobotŠs end-effector attachment point is connected to the

patientŠs limb and the manipulator can drive the patient arm over a path or to

give a force feedback to the patient while executing a task. According to the

patientŠs limb mobility, the cobot can assist the motion in different modalities

(passive, active and active-assistive) and, in order to increase the potentialities

of the training, a speciĄc working modality has conceived in this thesis project,

named vision-assisted mode. The human-robot system considered is a closed

kinematic chain formed by the human arm that grasps a handle Ąxed to the

end effector of a commercial cobot (i.e., UR5e from Universal Robots).
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Kinematic and dynamic models have been developed on the basis of anthro-

pometric proportions, starting form height and total mass of the patient. The

multibody simulations allowed to estimate the human-robot interaction forces

and the robot joint torques required to execute simple tasks, as circular or

back-and-forth motion. A set of points of the shared human-robot workspace

is deĄned to evaluate the average kineto-static affinity of the two arms in a

uniform spatial distribution. To create a new framework for cobot-therapy, a

two-step optimization algorithm is deĄned to Ąnd the optimal location for the

robotŠs base relative to the human shoulder.

The thesis presents the design of the novel framework for robot-assisted reha-

bilitation practices. The framework is targeted at neurological patients to train

their capacity of following simple trajectories (e.g., lines) towards a target with-

out deviating from the shortest path. Two experimental tests were performed

with two different human-robot handle systems. The aim of the Ąrst test is to

move the robotŠs handle, which is provided with a pointer, towards an object

(which serves as a target) whose position is dynamically recorded by a smart

camera. In the second test, instead, the subject handles the robot trying to

grasp a cylindrical target randomly placed on a workbench. The exercises aim

to restore the proprioceptive abilities, helping the subject to perform repetitive

movements and restoring the muscular activity in the arm and in the Ąngers.

The results of the experimental tests conĄrm that the exercises provided were

sufficiently simple and non-stressful and no adverse events related to the device

occur.

The Ąnal part of the thesis is the result of an experience at the Swiss Federal

Institute of Technology (ETH) in Zurich. The work is done in collaboration

with the Rehabilitation Engineering Laboratory, Department of Health Sci-

ences and Technology. The study focuses on the robotics rehabilitation of

the hand and the aim is to monitor muscle tone during therapy. An online

perturbation-based method is proposed which is able to monitor the Ąnger

muscle tone during robot-assisted hand rehabilitation exercises. It is reported

the quantitative evaluation of the method performance, Ąrstly through a stiff-

ness identiĄcation experiment using springs, and secondly in a pilot study with

unimpaired and spastic subjects after stroke.

In conclusion, the contribution of the thesis is reported and future research

possibilities are discussed.
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Chapter 1

Introduction

The robotics Ąeld has been growing very fast, especially in the last decades.

Robotic devices are not only repetitive machines carrying out tedious and dan-

gerous works, but are becoming more Ćexible, intelligent and cooperative sys-

tems. Current developing trends range from humanoid robots, collaborative

robots, and robots that support peopleŠs work and their daily life. There is a

very broad range of application for robots across all sectors in manufacturing,

as automotive sector, chemical, metal and machinery industries. On the other

hand, their use in the health care sector cannot be underestimated. The Ąrst

documented use of a robotic system concerned an assisted surgical procedure

occurred in 1985 when a robotic arm interfaced with a computerized tomog-

raphy scanner used for a guided brain tumor biopsy. Currently, there is a

wide range of robotic devices used in healthcare sector, as in rehabilitation, in

surgery and in social therapy. Nowadays, healthcare is shifting from traditional

hospital-centric care to a more virtual, distributed care that heavily leverages

the latest technologies around artiĄcial intelligence, home-based healthcare and

robotics.

Healthcare robots are therefore supposed to provide trained and licensed

professionals with advantages such as precision and repeatability, with addi-

tional information (visual and haptic), to improve health conditions without

compromising patient safety. One of the preliminary aspect of new technologies

in the clinical setting is the increase in patient well-being (e.g. fast recovery

and patient safety). Robotics may increase the work efficiency of therapists,

meaning that more patients can be treated, leading to an overall reduction

in cost of treatment per patient. Moreover, robotic-assisted therapy provides

quantitative feedback by measuring and recording patientŠs data. This enables

continuous monitoring the progress of the therapy and perform any necessary

measurements in real-time (e.g. the force exchanged between the patient and

the robot), allowing a high level of interaction with the patient.

The following introduction will present the background, the literature review,

the goals of the thesis and the outline.
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Chapter 1 Introduction

1.1 Background

The advent of the Industry 4.0 paved the way for new ways to automate indus-

trial processes by using robotic systems to realize a Ćexible automated manu-

facturing system. Industrial robots, especially robot manipulators, have been

widely used in conventional production processes for their high endurance,

speed and accuracy in structured industrial environment [9Ű11]. Advances in

digital technologies, as well as development of core technologies in robot sen-

sors, camera systems, communication systems and displays, are changing the

capabilities and possible applications of robotics across industries [12,13].

Activities involving Human-Robot Interaction (HRI) are promising solutions to

achieve higher and more Ćexible productivity. The combination of the decision-

making ability of humans with the intrinsic characteristics of robots (i.e., re-

peatability and accuracy), turns out to be the winning strategy to increase

productivity.

The use of robots can be also exploited in Ąelds of applications different from

the industrial ones, such as the healthcare sector. This emerging Ąeld is ex-

pected to grow in the face of demographic change (ageing), calls for improving

quality of life for the elderly and disabled, and the need for even higher quality

care, for example high precision surgery. All these factors stimulate innovation

in the domain of robotics for the healthcare increasing the value of care in

terms of health, social and economical beneĄts. Robotics can offer solutions

for a signiĄcant proportion, especially for patient groups with certain needs

such as amputees, strokes suffers, cognitive or mental disabilities. Depending

upon applications and market analysis, there are six main areas of medical

robotics [14]:

• Robotized patient monitoring systems

• Robot assisted mental and social therapy

• Surgical robotics

• Prosthetics using surgical robots

• Motor co-ordination analysis and treatment by robots

• Smart medical capsules

This thesis project focused mainly on the robotized systems to monitor patient,

which involves the study of robot-assisted therapy with different automated

robotic systems. Rehabilitation robots are designed primarily for aiding hu-

mans with physical impairments in the exercise and assisting therapists during

the whole rehabilitation process. The robots can perform high-intensive and

repetitive tasks collecting data during the therapy. In that way, the therapist

2
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1.2 Literature review

can re-adapt the therapy according to the patientŠs needs or improvements. To

ensure seamless integration of robots in healthcare settings, in [15] is empha-

sized the need to provide reliable performance and customizability. Reliable

performance is crucial for robots which have to operate effectively and safely

in real-world environments, which are unstructured and unpredictable. Cus-

tomizable robots will be required to perform a wide variety of tasks in new

situations and while cooperating with a wide diversity of people, even people

that are not comfortable with their presence. The impact on society of robots

is essential as they may inĆuence the quality of healthcare for patients and the

quality of work for caregivers, and their potential privacy concerns remain to

be addressed.

1.2 Literature review

The literature review presents the research context as follows.

The Section 1.2.1 introduces the robot-assisted therapy applied in the human

arm rehabilitation process, highlighting the advantages and limitations. A more

detailed analysis of the type of existing devices and the future developments

follows.

The Section 1.2.2 focuses on those robotic systems which are lightweight and

portable, but especially those that can be easily integrated with humans,

namely collaborative robots. Different methodologies of Human-Robot Interac-

tion and the type of existing collaborative operations are listed. This is followed

by the Section 1.2.3 that contains some existing applications of cobot-assisted

therapy and introduces the different working modes of the robot.

1.2.1 Robot-Assisted Therapy applied to the human upper

limb

The current demographic and health shifts are contributing to a rapid growth

in the number of people experiencing disability or declines in functioning for

substantially larger periods of their lives [16]. The worldŠs population is age-

ing and chronic disabilities are increasing. Stroke is the second leading cause

of death worldwide and the main cause of long-term neurological disability in

adults. There are over 80 million people currently living who have experienced

a stroke and approximately 13.7 million new cases each year [17Ű19]. Disor-

ders of the upper extremities speciĄcally limit the independence of affected

subjects. Fortunately, there are various approaches to restore the functional-

ity of the upper extremity, e.g., orthoses, functional electrical stimulation and

physical therapy. Positive outcome of physical rehabilitation, in the case of

neurologically based disorders, depends heavily on: onset, duration, intensity

3
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Chapter 1 Introduction

and task orientation of the training as well as the patientŠs health condition,

attention and effort [20Ű23]. Physical rehabilitation consists of an intense rep-

etition of coordinated motor activities lead by a therapist, which is under a

continuous strain due to the high-intensity session. Consequently, the dura-

tion of the therapy is limited by the therapistŠs fatigue and not by the pa-

tientŠs needs, bringing the time of the primary therapy shorter with the lack

of inter-rater reliability and quantitative data [24]. Robotic devices have the

intrinsic ability to perform repetitive tasks with high repeatability and reha-

bilitation robotics have become increasingly relevant in the past years as new

technologies have become available. Some studies, as [25Ű28], support that the

repetition of speciĄc movements during intensive treatment has a good impact

on the neuroplasticity and on the functional outcome improvement. Therefore,

rehabilitation robotics ensure long therapy session with intensive and repetitive

motor training largely feasible, capable of reducing the burden on therapists

by substituting human intervention and providing ideal therapies that fulĄll

the following main principles of stroke rehabilitation: repetition, high inten-

sity, and task speciĄcity. Moreover, robotic systems can compensate for the

patientŠs inadequate strength and provide continuous feedback for the subjec-

tive perception of improvement [29Ű31]. These characteristics make robotics a

potential support in the rehabilitation domain for both trainers and patients.

In this perspective, motor performance is expected to improve in speed and

precision of movement thanks to the repetition of calibrated and repeatable

exercises in intensive training programs with more motivating tasks.

Although the development of new technologies for robot-assisted therapy

increases, some safety barriers remain. The patientŠs safety may be ensured via

different strategies, hardware or software related [32]. Firstly, a comfortable

and effective patient-robot interaction have to be achieved. Therefore, the

mechanical interface should be comfortable enough to avoid injuries, but at

the same time rigid enough to transfer the forces between patientŠs muscles

and robot [33]. Moreover, a misalignment between robot and human joints or

exceeding the physiological range of motion could lead unnatural movements

or traumatic joint injuries such as ligament tears. As well as, a prolonged

physical contact could cause soft tissue injuries such as abrasions, skin lesions

and discomfort. The assessment of rehabilitation robot safety is a phase of the

development process and any adverse events have to be reported [34]. There

is a lack of clear recommendations for safety testing in rehabilitation robot

speciĄc legislation and standardization. The EU regulation 2017/745, known

as the Medical Device Regulation (MDR), focuses on the safety and the deviceŠs

performance during its entire lifetime and on the clinical data to support the

clinical performance claims [35Ű37]. Although inherent safety or safety by

design is well deĄned, it is difficult to establish a reliable measurement method

4
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and force limits during human-robot interaction [38].

Currently, there is a wide range of robotic devices used in rehabilitation and

can be classiĄed according to their mechanical structures, to their tasks or on

the way they provide patientŠs [39Ű41]. The best-known classiĄcation is based

on the mechanical structures of the device: robots can be categorised into end-

effector and exoskeleton [42Ű44], as shown in Figure 1.1.

The end-effector devices are connected to patientŠs limb at one distal point

through footplates or handles to generate a motion of the limb in space. The

movements of the human limb are generated from the most distal segment of the

extremity and no alignment between patient-robot joints is required [45]. For

the end-effector device, the force generated at the distal interface changes the

positions of other joints simultaneusly, making isolated movement of a single

joint difficult [46]. The main advantages of end-effector robots is the easy

set-up and adjustable to different arm lengths, but the limb posture and/or

individual joint interaction torques are not fully determined by the robots.

There is a limited control of the proximal joints of the limb, which could result

in abnormal movement patterns and a limited range of motion (RoM).

Exoskeleton robots, instead, are anthropomorphic structures directly attached

to humanŠs body segments by the means of cuffs and straps. Their segments

are usually attached to the lateral side of the patientŠs limb and their joint axes

match with human joint axes. Exoskeletons can be used for different body parts

(i.e., hands, arms and legs) and can be stationary system [47] or wearable and

mobile system [48]. Adaptation to different body sizes is difficult because each

segment has to be adjusted to the corresponding patient limb segment length.

Therefore, their systems are complex and expensive, but the alignment between

anatomical and robotic axes allows direct control of individual joints, which can

minimize abnormal posture or movement and increase the RoM [46,49].

The end-effector types can be correlate with industrial collaborative robotic

arms. The robotic arm can be used for assessing or training the RoM of a

patient sitting on a chair, such as Burt by Barret Medical Company [50], or used

for mobilizations or mobilization of bedridden patientsŠs leg, such as ROBERT

by Life Science Robotics (shown in Figure 1.2 ). However, while collaborative

robots in industry work together with workers, robots in rehabilitation have

two different main types of users: therapists and patients. The therapist can be

seen as the equivalent to the operator who is standing in close proximity to the

robot, while the patient is usually physically attached to the robot. Therefore,

safety has to include both the occupational safety of the therapist and the

direct safety of the patient based on individual characteristics [42].

5
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Figure 1.1: Examples of robot-assisted therapy: (a) End-effector device
(BIONIKŠs InMotion Robotics [1]); (b) Exoskeleton device
(Tenoexo from ReLab, ETH University [2])

Figure 1.2: ROBERT Life Science [3]
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1.2 Literature review

1.2.2 Collaborative robotics

The advancement of artiĄcial intelligence and machine learning algorithms has

changed the traditional industrial robotics into a new type of collaborative

robots, which have the ability to comprehend their environment, learn and act.

This has also changed the work environment where many of the processes has

changed to self-adapting processes. Despite their relatively recent spread, the

concept of collaborative robots was invented in 1996 by J. Edward Colgate and

Michael Pashkin [51], where the devices were passive and operated by humans,

and differ from modern collaborative robots, such as KUKA LBR iiwa, devel-

oped since the 1990s by KUKA Roboter GmbH and the Institute of Robotics

and Mechatronics at the German Aerospace Center (DLR), or the Ąrst com-

mercial collaborative robot sold in 2008 (UR5 model produced be the Danish

company Universal Robots) [52,53]. Robots begin to have some inherent capa-

bilities, such as self-optimization, self-conĄguration and artiĄcial intelligence to

complete tasks to achieve superior cost efficiencies and better quality services.

Instead of having big robot cells that are static, the trend is towards collab-

orative robots, small and Ćexible units. In this way, the industrial landscape

is transformed, bringing out a new concept of robotics focused on cooperation

activities with humans.

Collaborative robots, also called cobots, enable direct interaction between hu-

man operators and robots, thus overcoming the classical division of labour,

which requires robots to be conĄned in safety cages far away from human

workers. Being possible for the worker and the robot to work alongside each

other in collaboration, the workerŠs productivity is enhanced, while stress and

fatigue are reduced. The greatest advantage brought by collaborative robots

lies in the opportunity to combine the advantages of automation with the Ćex-

ibility, cognitive and soft skills of human workers [54]. Collaborative robots

represent a natural evolution that can solve existing challenges in manufactur-

ing and assembly tasks, as they allow for a physical interaction with workers

in a shared workspace and time [55]. In this way, the industrial landscape is

transformed, bringing out a new concept of robotics focused on cooperation

activities with humans (Figure 1.3).

According to the literature [4, 56, 57], different methodologies of Human-

Robot Interaction (HRI) are classiĄed as follows (Figure 1.4):

• Coexistence: when the worker and the cobot are in the same environment

with two different workspace;

• Synchronised: when the worker and cobot work in the same workspace

but in different times;

• Cooperation: when the worker and the cobot share the workspace in the

7



✐

✐

ŞoutputŤ Ů 2023/2/5 Ů 12:15 Ů page 8 Ů #26
✐

✐

✐

✐

✐

✐

Chapter 1 Introduction

Figure 1.3: Examples of HRI in manufacturing.

Figure 1.4: Different types of use for a collaborative robot [4].

same time though each focuses on separate tasks;

• Collaboration: when the worker and the cobot share the workspace and

execute a task together.

The collaboration between human and cobot increases the degree of human

participation, in terms of shared time and space, featuring manufacturing ap-

plications or assembly tasks. Collaborative robots support operators in manual

activities in total safety thanks to advanced sensor systems, limited power and

forces and ergonomic features that protect against mechanical and electrical

risks [58].

The HRI, in particular, is a promising strategy for achieving higher and

more Ćexible productivity by combining the decision-making ability of humans

with the repeatability of robots. In addition to force sensors used to deter-

mine the contact forces with the environment, cobots typically also exploit

vision systems able to perceive the presence and location of objects or humans

in the workspace, increasing Ćexibility and real time adaptability to dynami-

cally varying scenarios [59]. On the contrary, traditional industrial robots lack

in versatility and cannot efficiently adapt to dynamic working environments or

changes in production and often need expert specialist to be programmed. Col-

laborative robots, instead, allow the operator to easily interact with the cobot

8
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(a) (b)

(c)

Figure 1.5: Example of collaborative robots: (a) UR5e from Universal Robots;
(b) YuMi from ABB; (c) LBR iiwa from KUKA.

through intuitive user friendly interfaces of programming. The workers can set

simple motions with the tablet or with the proper graphical interface of the

cobot [60], and also programs by the hand guiding modality (or self-learning

modality), in which the manipulator is driven by the operator along a path

manually and simultaneously records each point of the track to deĄne a trajec-

tory that will be performed automatically. Some of the major contributors and

manufactures in this Ąeld include Universal Robotics, ABB Robotics, KUKA

Robotics, Omron and etc [61] (as shown in Figure 1.5).

Safety issues are central when the coexistence or collaboration between hu-

man and robots is expected [54, 62, 63], which is increasing the need for stan-

dards and methods used to validate and certify the safety of a collaborative

application before it can be installed at the industrial site. In particular, collab-

orative robotics do not have different design from standard industrial robots

which are in conformity with safety standard ISO EN 10218 1-2. However,

cobots have to be equipped with other safety components, such as force sensors

used to determine the contact forces with the environment. Recommendations

9
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for collaborative robots are summarized in the technical speciĄcation ISO/TS

15066:2016 (Robots and robotic devices Ű Collaborative robots) [5, 64Ű66],

where four different types of collaborative operations are established:

• Safety-rated Monitored Stop (SMS): The system detects when a worker

enters in the collaborative workspace and stops the robotŠs motion. The

robot is hold in a monitored position while the worker is present; when

the system no longer detects the worker, the robot may return to operate

automatically with a full process speed.

• Hand Guiding (HG): The motion of the robot is permitted only when it

is directly controlled by the operator using a manually activated guiding

device at or near the robot end-effector.

• Speed and Separation Monitoring (SSM): The motion of the robot is

allowed only when the separation distance between the worker and the

robot is above the minimum determined safe separation distance for the

application based on the relative location, speed and movements of the

operator and robot.

• Power and Force Limiting (PFL): In this method, contact between the

robot and the worker is allowed, provided the robot is limited to a prede-

termined amount of force or pressure it can exert without causing injury

to the worker. The ISO committee developing the standard commissioned

a study to determine limits based on the concept of Şonset of painŤ as a

predictor to an impending injury [66].

These four basic principles of protection in human-robot collaboration (shown

in Figure 1.6) are used in many application areas, e.g. in manufacturing process

where power and force usually need to be Ąxed. Standards for collaborative

operations are needed to ensure human safety and the proper machine opera-

tion. To obtain the minimal risk, not only simple human-robot collisions are

analysed but all possible ways in which a robotic arm could hit a person has

to be examined.

1.2.3 Working Modalities for Cobot Assisted-Therapy

Compared to the traditional therapy, a cobot assisted-therapy can provide in-

tensive and task-speciĄc solutions for each patient. The cobotŠs end-effector

attachment point is connected to the patientŠs limb and the robotic manip-

ulator is used to drive the patient arm over a path or give a force feedback

to the patient while executing a task [67]. Moreover, it is possible to control

the interaction force with the patient and, at the same time, to record data of

the motion resulting from the exercise. A further advantage is given by the

10
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Figure 1.6: Collaborative working modes based on ISO/TS 15066:2016 [5]

possibility of carrying out long and repeated intensive therapy sessions with

limited intervention by the therapist. The latter has the role of selecting the

correct rehabilitation treatment among the pre-programmed exercises, super-

vising several patients simultaneously. At the same time, patients can train

more independently and maximize their efforts. Cobots are already certiĄed to

safely interact with humans, they are less expensive, and more generally appli-

cable compared to highly specialized rehabilitation devices. The robotŠs sensors

can evaluate how much help the patient needs, ensuring that the exercise is to

the appropriate level required by the patient. According to the literature, the

use of cobots in rehabilitation treatments is slowing developing [68Ű70]. One

example of cobot-assisted therapy, shown in Figure 1.7, is the RoboTrainer

system, which uses the UR5 cobot from Universal Robots company, as a train-

ing partner for patients with neurological injury [6]. Nowadays only one cobot

speciĄcally designed for rehabilitation is in the market, i.e. the ROBERT sys-

tem from Life Science which uses a KUKA cobot for the early mobilization

of patients, working in both assistive or resistive modes [3], already shown in

Figure 1.2.

According to the patientŠs limb mobility, the cobot can assist the motion in

different modalities [71Ű73]:

• Passive mode: the patientŠs limb is relaxed and driven by the cobot along

11
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Figure 1.7: Universal RoboTrainer [6]

a predeĄned trajectory;

• Active mode: the patient actively performs the exercise while the robot

can exert a programmable resistance;

• Active-assisted mode: the patients tries to execute the task while the

robot provides assistance only if the patient exhibits a lack of strength.

In general, cobot-assisted therapy is more efficient if actively assisted exer-

cises are performed, as brain stimuli are more intense than in passive mode [74].

In order to increase the potentialities of the training, a speciĄc working

modality has conceived in this thesis project, named vision-assisted mode. This

modality exploits a smart camera integrated to the robotic system used to de-

tect a real object placed by the therapist within the manipulator workspace.

The vision system records the coordinates of the target and sends this informa-

tion to the manipulator via TCP/IP communication. This modality enables

the automatic and real-time recognition of an object within the workspace.

Therefore, the combination of different types of feedback as visual, auditory

and haptic, proves to be highly beneĄcial since it maximizes the attention to

the task and enhances the motor performance.

1.3 Goals of the thesis

The aim of this doctoral project is to investigate the robotic devices already

used in the neuromuscolar rehabilitation Ąeld and propose different solutions

12
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to improve and innovate the rehabilitation treatment for the motor recovery of

patientsŠ limbs either through collaborative robotics or with customized robots

for unsupervised therapy. The investigation of new mechatronic systems in re-

habilitation promotes the development of new rehabilitation protocols, aimed

at overcoming the limitations of traditional therapy and providing quantita-

tive feedback. The solution adopted is performed according to the following

objectives:

• The robotic therapy should be applicable for the upper limb in the 3D

space in order to involve all the arm joints;

• The robotic system should automatically recognize the target in real-time;

• The therapeutic exercise (intensive, repetitive and characterized by speciĄc-

task solution) should interact with the cortical plasticity of the subject

in order to increase the somato-sensory inputs from the involved limb;

• The robotic system should have smooth and slow movements in order to

not cause pain in the arm;

• The rehabilitation robotic framework should be tested with impaired sub-

jects in order to detect the potentiality, limitations and improvements of

the therapy.

On the other hand, the intensive regime of robot-assisted therapies may con-

tribute to temporarily increase muscle tone and spasticity, particularly in stroke

patients which frequently suffer from muscle tone alterations. Consequently,

the safety of such a therapy approach is becoming crucial for achieving and

maintaining comfortable and effective interaction between the robot and the

patient in the absence of supervision. To carefully monitor muscle tone during

therapy, an online perturbation-based method should be developed.

1.4 Outline

This thesis includes the investigation on the robotics in the medical Ąeld, i.e.,

in the neuromuscolar rehabilitation procedures. It is organized as following:

Chapter 1 brieĆy introduces the background and the literature review. The

methodology of the study and the model description are detailed in Chapter 2,

where the kinematics and dynamics of the Human-Robot system are presented.

Chapter 3 describes the design and the implementation of the Test-Bench used

for developing the rehabilitation framework. In Chapter 4 and 5 are reported

two case studies analyzed for the rehabilitation of the upper limb by one cobot

arm. Chapter 6 describes another application of robot-therapy for monitoring

hand muscle tone using a customized robot system, developed by Relab from
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ETH University. Finally, the study concludes in Chapter 7, summarizing the

contributions from the current work and future developments.
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Chapter 2

Modeling

Mathematical models of the human and robotic arms are indispensable tools

for the studies of kinematics and dynamics of the human-robot movement.

This chapter describes the models adopted for the human-robot interaction,

where Section 2.1 illustrates the motion planning and kinematic analysis for

the human and robotic arms. Section 2.2, instead, focuses on the dynamics of

the system, estimating the forces and the kineto-static affinity of the human

and robotic arms in a uniform spacial distribution of points.

2.1 Kinematics

The system considered in this study (Figure 2.1) is a closed kinematic chain

formed by the human arm that grasps a handle Ąxed to the end effector of a

commercial cobot (i.e., UR5e from Universal Robots). To plan the movement

of the robot corresponding to a speciĄc movement imposed on the arm, a

trajectory planning algorithm was Ąrst developed. Then, direct and inverse

kinematic models of the human and robotic arm are described.

Figure 2.1: CAD model of the human-robot system.
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2.1.1 Motion Planning

The planning of the trajectory allows the execution of a speciĄc task, generating

reference inputs to the motion control system, which guarantees the achieve-

ment of the motion. Planning consists of generating a time sequence of the

values acquired by an interpolating function (i.g. polynomial) of the desired

trajectory. The motion taken into account is a point-to-point motion, where

the initial and Ąnal points are assigned. Moreover, the geometric path and

the motion law are speciĄed with both constraints on the continuity (smooth-

ness) of the trajectory and on its time-derivatives up to a given degree. The

geometric path can be deĄned in the work-space (p) or in the joint-space (q),

as:

p = p(s)

q = q(σ)
(2.1)

where s = s(t) and σ = σ(t). For the motion timing law, instead, a continuous

function up to a given order of derivations has to be speciĄed. The function

has to be at least the Ąrst and the second order (i.e. velocity and acceleration).

The trajectory planning algorithm generates a time sequence variables that de-

scribe end-effector position and orientation over time in respect of the imposed

constraints. In point-to-point motion, the manipulator moves from an initial

to a Ąnal joint conĄguration in a given time tf , optimizing its performance.

The optimization process is determined by solving differential equations with

the known constraints: the initial position qi, the initial velocity q̇i and the

initial acceleration q̈i and the corresponding Ąnal values qf , q̇f and q̈f .

The algorithm developed for trajectory planning [75] is based on the scheme

shown in Figure 2.3.

Basically there are two possibilities:

• Planning in the human joint space - According to anthropometric param-

eters of the arm and the excursion limits of articulations deĄned by the

therapist a motion law can be planned in the human joint space by lin-

ear point-to-point trajectories (round-trip or via multiple points); direct

kinematics of the human arm gives the corresponding Cartesian trajec-

tory that can be converted in robot joint motion law by the robot inverse

kinematics.

• Planning in the Cartesian space - The trajectory of the hand of the sub-

ject can be directly deĄned in the Cartesian space by predeĄned path

types (e.g. circular motion). Once a path is deĄned, the human inverse

kinematics algorithm allows to verify if corresponding articular angles

remains within limits during the motion; if yes, the trajectory is con-
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Figure 2.2: Timing law of polynomial function of the 5th order.
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Figure 2.3: Trajectory planning Ćow chart
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Figure 2.4: Human (a) and robot (b) joint angles for point-to-point round-trip
motion planned in the human joint space. It shown is a back-and-
forth motion, where the human (from q1 to q7) and robotic (from
q1 to q6) joints are detailed respectively in 2.1.2 and 2.1.3

verted to robot joint motion law by robot inverse kinematics, otherwise

the trajectory has to be changed by starting from a new motion law in

the Cartesian space.

In both cases the trajectory is deĄned as a function of a curvilinear coordinate

s, that is in turn deĄned as a Ąfth-order polynomial function of time:

s(t) =

5
∑

i=0

ait
i (2.2)

The polynomial law ensures for continuity in position, velocity and acceleration,

and coefficients ai can be easily found once initial and Ąnal times, positions and

velocities are imposed. Figures 2.4 and 2.5 show the joint motion laws for two

cases respectively: the Ąrst case refers to a point-to-point round-trip motion

between two conĄgurations in the human joint space; in the second case the

trajectory is a circle with a radius of 100 mm lying on the horizontal plane of

the Cartesian space. In both cases the time is normalized with respect to the

Ąnal value (tf ).

2.1.2 Kinematic of Human arm

Even if the human arm is a complex chain of bones and muscles, it can be

described as a seven Degrees of Freedom (DoF) serial chain composed by three

links, i.e. the upper arm, the forearm and the hand of length l1, l2 and l3 re-

spectively [76Ű79]. In this deĄnition, the ĄngersŠ joints are not considered. The

arm model constitutes a reasonable compromise between the accuracy and the
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Figure 2.5: Human (a) and robot (b) joint angles for circular motion planned
in the Cartesian space.

simplicity of the human arm characterization. In details, the shoulder spheri-

cal joint confers rotation axes for Ćexion-extension (q1), abduction-adduction

(q2) and internal-external rotation (q3); the elbow universal joint allows fore-

arm rotation axes for Ćexion-extension (q4) and pronation-supination (q5); the

wrist universal joint gives rotation axes for Ćexion-extension (q6) and ulnar-

radial deviation (q7) of the hand (Figure 2.6). To conĄne joint rotations within

physiological limits, the maximum and minimum angles are set according to

the values available from the OpenSim software [80] (Table 2.1 shows the joint

limits of the OpenSim model called "Upper Extremity Dynamic Model"). The

Italian male 50th percentile is considered as a reference for anthropometric

measurements. Table 2.2 summarizes the lengths of the body segments; the

length of the hand, closed to hold the handle, is considered half of the total for

simplicity.

Table 2.1: Joint limits of the human arm.

Joint Minimum Value [◦] Maximum Value [◦]

q1 −90 90

q2 −120 90

q3 −90 90

q4 0 150

q5 0 180

q6 −70 70

q7 −25 35
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Figure 2.6: Kinematic scheme of human arm

Table 2.2: Lengths of the upper limb segments (50th percentile Italian male).

Upper Limb Segment Length [mm]

Height 1750

Arm 280

Forearm 256

Hand 189

Closed Hand 95

The representation of the armŠs end-effector pose (i.e. the pose of the hand),

through the geometries of the limb and the initial joint position, gives the study

for the direct kinematics, which is derived by composition of homogeneous

transformation matrices from the trunk (base) to the hand (end-effector) frame

(Equation 2.3).

Tb

e
(q) =



Rb
e

(q) xb
e
(q)

0 0 0 1

]

(2.3)

where Rb
e

(q) is the rotational matrix which represents the orientation of the

end-effector referred to the base frame and xb
e
(q) is the position vector of the

origin of the end-effector reference frame in the base reference frame.

The Inverse kinematics of the human arm, instead, leads for multiple solu-
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Figure 2.7: Kinematic model of the human arm implemented in Matlab
Robotic Toolbox

tions due to redundancy of the limb [81,82].

Two different approach are adopted. The Ąrst approach is based on a differen-

tial method, based on a weighted Jacobian:

q̇ = W−1JT (JW−1JT )−1ẋ (2.4)

Equation 2.4 relates the Cartesian space velocity ẋ to the joint space velocity

q̇ , being J the Jacobian matrix (ẋ = Jq̇) and W a diagonal weight matrix.

Elements of W are deĄned as:

wi = 1 + λ

∣

∣

∣

∣

(qi − qimean)

(qimax − qimin)

∣

∣

∣

∣

(2.5)

where qimin, qimean, qimax are the minimum, mean and maximum values

respectively of the ith articular angle, according to anatomical limits; λ is a

scalar value used to tune the effect of the weights. The weighted pseudoinverse

Jacobian ensures that, among the inĄnite solutions of inverse kinematics, it is

selected the one that is nearest to central values of articular angles, avoiding

articulations to work near (or above) their physiological limits. The weights

chosen reduce the weight of the individual q-point if the pose is close to the

mean value. If the distance from the mean value increases the solution causes

the joint to move slowly because the weight of that particular q-point increases.

The human arm kinematic chain is depicted in Matlab Robotic Toolbox (shown

in Figure 2.7), using the Denavit-Hartemberg (DH) method whose parameters

are summarized in Table 2.3.
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Table 2.3: DH parameters of the human arm according to the deĄnition of DH
axes: d is the distance along z-axis of the current joint; a is the
distance along x-axis between two consecutive joint axis; α is the
rotation around the x-axis of the current joint; off-set is the angle
between the two consecutive x-axis about the z-axis of the previous
joint [8].

Joint d [m] a [m] α[◦] Off-Set [◦]

q1 0 0 90 90

q2 0 0 90 90

q3 −0.27 0 90 90

q4 0 0 −90 0

q5 −0.25 0 90 0

q6 0 0 90 90

q7 0 −0.09 −90 0

The second approach developed solves the the inverse kinematics by a dif-

ferent method based on numerical approach that aims to minimize the error

function e(q) = ♣f(q) − x♣ starting from a guess solution q0, being f(q) the

direct kinematics law and x = [x, y, z, α, β, γ]T the Cartesian pose of the hand

(i.e., the central point of the hand). The x, y, z sequence of current rotation

axes corresponding to the rotation angles α, β, γ is used to represent the orien-

tation. Furthermore, the minimization procedure is implemented taking into

account physiological limits of joint rotations and aimed to Ąnd one solution

among inĄnite possibilities.

The velocity kinematics of the human arm can be formulated as:

ẋ =



ẋl

ω

]

=



Jp

Jo

]

q̇ = J(q)q̇ (2.6)

where the velocity vector ẋ is composed by the linear velocity vector ẋl and

the angular velocity ω, while J(q) is the geometrical Jacobian matrix of di-

mension (6 × 7), composed by Jp and Jo which are the (3 × 7) position and

orientation Jacobian matrices, respectively.

2.1.3 Kinematic of Robotic arm

The robotic arm analysed is a commercial cobot of the Universal Robots, i.e.

the UR5e (shown in Figure 2.8). The cobot is characterized by a serial chain

of revolute joints which confers a fully mobility (6 DoF) to the end-effector:

the base joint (θ1), the shoulder joint (θ2), the elbow joint (θ3) and three

wrist joints (θ4,θ5,θ6). These last three do not act as a coincidental wrist.
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Figure 2.8: UR5e from Universal Robots

The kinematic structure is shown in Figure 2.9 and the kinematic chain is

depicted in Matlab Robotic Toolbox (Figure 2.10), using DH convention, where

the parameters are reported in Table 2.4. Therefore, the direct kinematics is

easily affordable, whereas the inverse kinematics problem is solved in this study

with an approach in line with [83, 84]. A similar approach for both position

and velocity kinematics developed for the human arm is used for the robotic

arm, which is constrained to realize the same motion of the human hand in

the Cartesian space acting on the six DoF related to actuated joints θi with

i = 1, . . . , 6.

Table 2.4: DH parameters of the UR5e robot (see deĄnitions given in Table
2.3).

Joint d [m] a [m] α[◦] Off-Set [◦]

θ1 0.09 0 90 90

θ2 0.14 −0.42 0 0

θ3 −0.12 −0.39 0 0

θ4 0.11 0 90 0

θ5 0.09 0 90 180

θ6 0.05 0 0 0
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Figure 2.9: Kinematic scheme of the UR5e.

Figure 2.10: Kinematic model of the UR5e implemented in Matlab Robotic
Toolbox.
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Figure 2.11: Kinematic chain of the Human-Robot system.

Figure 2.12: Closed kinematic chain of human and robotic arm models.

2.1.4 Kinematic model of the Human-Robot system

As shown in Figure 2.11, the human-robot system consists of a closed kine-

matic chain in which the human hand grasps a handle Ąxed to the end ef-

fector of the cobot. Through the study of the kinematics, the human-robot
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system is depicted in Matlab in the rest position of the human arm (q =

[50◦ 0 0 33◦ 90◦ 0 − 6◦ ]T ), which corresponds to the robot joint position vector

θ = [−261◦ 207◦ − 47◦ − 70◦ 90◦ 9◦ ]T (Figure 2.12). Without loss of gener-

ality, the origin of the global coordinate system is located on the shoulder of

the human joint. In the event that the human is unable to grasp the handle on

the robotŠs end-effector, this kinematic model is not applicable. Therefore, a

second closed kinematic chain in which a customized handle system is attached

directly to the forearm (see details in Section 3.1), is developed. In this second

case, the human arm is modelled as Ąve DoF serial chain composed only by

two rigid segments, i.e. the upper arm (l1) and forearm (l2). The length of

l2 corresponds to the forearm length from the elbow to the connection of the

handle system [85].

Figure 2.13: Kinematic scheme of human arm for the second kinematic model.
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Figure 2.14: Kinematic human-robot chain with the second handle system.

The joints considered are the shoulder (spherical joint) and the elbow (uni-

versal joint), as shown in Figure 2.13. The kinematic model of the robotic arm

is the same described in Section 2.1.3. In order to connect the human arm to

the robot, both serial chains must have the same mobility, thus one passive

revolute pair of the handle about the vertical-axis of the human reference sys-

tem (q6) is added to the Ąve DoF of the human arm before the connection to

the robot end-effector (6 DoF), as is shown in Figure 2.14 .

2.2 Dynamics

The dynamic analysis has been developed by multibody simulation. In partic-

ular, the passive working mode (the human arm is passive and is freely driven

by the robot) has been studied in order to estimate the forces at the interface

between human and robot and to verify if the dynamic characteristics of the

robot are sufficient to perform such a task. The multibody model is based on

the co-simulation between Matlab Simulink and Adams software tools (Figure

2.15): Ąrst, the CAD of the human-robot system was imported in Adams soft-

ware (Figure 2.1); here all kinematic joints and inertial parameters were deĄned

in order to create a dynamically coherent multibody system. Therefore, the

model was exported to Simulink, where motion planning is performed in order

to drive the actuators of the robot and the inverse dynamics of the system is

solved.
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Table 2.5: Mass properties of the human arm for 95th and 50th.

m [kg] I1 [kg m2] I2 [kg m2] I3 [kg m2]

Arm
95th 2.63 0.62 0.19 0.55
50th 2.16 0.51 0.16 0.45

Forearm
95th 1.50 0.33 0.06 0.31
50th 1.23 0.27 0.05 0.25

Figure 2.15: Cooperation of CAD, Adams and Simulink software tools.

Positions of the centres of gravity and principal inertia moments of human

segments were determined by anthropometric statistical proportions, given

the percentile and the total mass of human segments (summarized in Table

2.5) [86Ű88] . These anthropometric parameters are easily added and mea-

sured in the multibody model because of the user-friendly interface of the soft-

ware. At the same time, robot inertial parameters, known from literature,

were assigned. The human arm is completely passive, whereas the robot is

actuated. The hand is connected to the robot by a Ąxed joint located at the

cylindrical handle Ąxed to the end-effector of the robot. Reaction forces at

such constraint represent the interaction forces between human and robot and

will be the output of the simulations together with the joint torques of the

robot. As an example, the simulation results for the circular motion previously

shown in Figure 2.5 are summarized in Figure 2.16. Data refers to the same

spatial trajectory (a circle in the horizontal plane with a radius of 100 mm)

but differentiate for the timing law: with "fast" is intended a mean velocity

of 250 mm/s which corresponds of an execution time tf = 2s; with "slow" is

intended a mean velocity of 125 mm/s, which instead corresponds to an exe-

cution time tf = 4s [75]. The multibody simulations allowed to estimate the

human-robot interaction forces and the robot joint torques required to execute

the task. To assess the usability of the UR5e manipulator in the studied ap-

plication, peaks of torque plots should be compared with nominal values of

the robot; more in detail, the manipulator guarantees a moment of 150 Nm for

the Ąrst three joints and 28 Nm for the last three. In the circular motion, for

example, maximum torques resulted to be lower than nominal values of the

robot. Thus implicates that the UR5e manipulator is a suitable candidate for
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Figure 2.16: Forces (a) and moments (b) at human-robot interface; (c) robot
joint torques.

the application. Moreover, the forces and moments at human-robot interface

are tolerable and suitable for a Ąrst rehabilitation procedure aimed at improv-

ing human strength. The maximum human force is during the "fast" motion in

x-direction (18 N), while the minimum recorded force is along the z-axis since

the circular motion is performed on a plane.

In the second model of the closed chain, the handle is connected both to the

forearm by a Ąxed joint and to cobotŠs end-effector by a revolute joint with the

axis parallel to the last axis of the manipulator.

Robot joint torques obtained from the simulations with the second handle

are reported in Figure 2.17 and 2.18; plots are obtained imposing always the

two different time laws for the same spatial trajector. The comparison between

the plots shows that torques increase signiĄcantly by dynamic effects in the

fast motion, especially in the case of 95th percentile. From curves in Figures

2.17 and 2.18 only the 4th joint torque seems to reach its nominal value and

to overcome it in the case of fast motion for the 95th percentile case, that is

heaviest duty task.

The dynamic simulations provide the estimation of the robot joint torques re-
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(a) (b)

Figure 2.17: Robot joint torques in the slow timing law (a) and fast timing
law (b) for a 95th percentile of weight.

(a) (b)

Figure 2.18: Robot joint torques in the slow timing law (a) and fast timing
law (b) for a 50th percentile of weight.

quired to execute the task. In both trajectories (circle and back-and-forth) the

corresponding maximum robot joint torques are mostly lower than its nominal

values for slow executions, typical of rehabilitation practices. Consequently, the

UR5e manipulator is appropriate for the purpose, even with high percentile of

weight; only some limits in terms of speed are needed.

2.2.1 Manipulability analysis

A set of points of the shared human-robot workspace is deĄned in order to

evaluate the average kineto-static affinity of the two arms in a uniform spatial

distribution [89]. Using spherical coordinates with the center coincident with

the human shoulder, two radii are considered based on the total length of the
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upper limb. They correspond to the 83% and 50% of the total upper limb

length, respectively. Abduction/adduction of the shoulder is spanned by ±30◦,

whereas the Ćexion/extension range is ±20◦. A total of 18 points are in this

way deĄned, as shown in Figure 2.19. The orientation of the hand on each of

the points is deĄned by a local frame which has always the x axis aligned to

the forearm and the z axis aligned with the vertical direction.

Figure 2.19: Set of points used for the evaluation of the objective function of
the optimization.

Several studies are available in the literature on manipulability analysis on

human and robotic arms. An index based on the intersection volume of velocity

ellipsoids is used in [90], where the human arm (modeled with 5 DoF) and a

KUKA collaborative robot are considered. In [91], a robotic-assistive control

system for the rehabilitation of the human arm is studied analyzing the prin-

cipal axes of the manipulability ellipsoids in order to Ąnd the easiest direction

of motion of the upper limb. Other studies, as [92], focus on the relationship

between the manipulability ellipsoids and the activation of the musculoskeletal

system.

In general, manipulability can be deĄned as the capacity of change in position

and orientation of the end-effector of a robot given a joint conĄguration [8,93].

In particular, the velocity manipulability ellipsoid describes the operational

space velocities that can be generated by a given set of joint velocities with

unitary norm in a known pose of the manipulator. In terms of equations, the

unitary norm constraint of the joint space velocity q̇ can be expressed as:

q̇T q̇ = 1 (2.7)

The Jacobian matrix J(q) of the manipulator can be used to map Equation
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(2.7) into the Cartesian space:

ẋT


J(q)J(q)
T

†

ẋ = 1 (2.8)

where † indicates the pseudo-inverse operator that must be applied in case of

non-square Jacobians. As a result, the unitary radius sphere surface repre-

sented by Equation (2.7) transforms in an ellipsoid surface expressed by Equa-

tion (2.8).

Limiting the problem to translations, only the Jp Jacobian relative to the linear

velocity of the end-effector is considered. Thus, the axes directions ui of the

velocity ellipsoid can be found as eigenvectors of the matrix
(

Jp(q)Jp(q)T
)†

,

whereas their dimension σi is equal to the square root of the relative eigenvalues

λi:
(

Jp(q)Jp(q)T
)†

ui = λiui σi =
√

λi i = 1, 2, 3 (2.9)

The directions and dimensions of the axes of the ellipsoid describe the motion

capacity of the end effector: along the major axis the end-effector can move at

the maximum velocity, whereas the minor axis corresponds to the direction of

minimum velocity.

According to the kinetostatic duality [94], the force ellipsoid can be obtained

by calculating the eigenvectors and the eigenvalues of the matrix Jp(q)Jp(q)T .

As a result, the directions of the velocity and force ellipsoids axes are the same,

whereas their dimensions are reciprocal; consequently, the two ellipsoids are

orthogonal to each other. Figure 2.20 shows the velocity (yellow) and force

(green) ellipsoids for the UR5e robotic arm in a speciĄc conĄguration; as ex-

pected, the direction of maximum velocity corresponds to a minimum of force.

In order to evaluate the kinematic affinity between the robot and the human

arm, only the velocity ellipsoids are considered in this study. Obviously, the op-

timal conĄguration of the system obtained by a kinematic (velocity) approach

will correspond also to the optimal conĄguration from a static (force) point

of view. Once joint positions of the two arms are assigned and the Jacobian

matrices are calculated, ellipsoids of manipulability can be determined in the

operational space and the dimensions of their axes can be normalized setting to

one the maximum axis and scaling proportionally the others. As an example,

Figure 2.21 shows the linear velocity ellipsoid for the robotic (a) and human

arm (b) in a common pose of the end-effector, with a frame representing the

axes orientation. Therefore, having both arms aligned on the same axis al-

lows smooth movements in the preferred direction without incurring in robot

singularities.
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ffoorrccee
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eelllliippssooiidd

Figure 2.20: Example of ellipsoids of manipulability for the robot UR5e.

a) b)

mmaajjoorr aaxxiiss

mmaajjoorr aaxxiiss

mmiinnoorr aaxxiiss

mmiinnoorr aaxxiiss

Figure 2.21: Velocity ellipsoids with axes orientation: (a) robotic arm, (b)
human arm.

It is assumed that an optimal conĄguration of the system is obtained when

the human and the robot have a similar ability to develop velocities along a

certain direction, that is, the ellipsoids have a similar orientation of their axes.

To quantify the kinematic affinity of the two arms a scalar index can be deĄned

as:

I =

∑3
i=1 ♣ai,r · ai,h♣

∑3
i=1 ai,rai,h

(2.10)

where ai = uiσi is the vector representing the ith axis, index i = 1, 2, 3 indicates

the order of the axis ai, from major (i = 1) to minor (i = 3), and subscripts

34



✐

✐

ŞoutputŤ Ů 2023/2/5 Ů 12:15 Ů page 35 Ů #53
✐

✐

✐

✐

✐

✐

2.2 Dynamics

r, h relate to robot and human, respectively. The output is an absolute value

between 0 and 1, where 0 indicates that there is orthogonality between the two

ellipsoids, whereas 1 indicates a perfect alignment of them. Furthermore, the

alignment of the major axis weights more than the remaining axes, especially

when the ellipsoid is stretched along a principal direction. In Figure 2.21, for

example, human and robot present almost aligned major axes, with an index

value I = 0.7. The same index can be calculated at all the poses of the set

represented in Figure 2.19 to evaluate the average value Iav:

Iav =

∑18
j=1 Ij

18
(2.11)

where Ij is the index I evaluated for the jth pose of the end-effector inside the

workspace. The index Iav indicates how valid the speciĄc layout of the system

is. The relative position of the base of the robot with respect to the shoulder

of the man, in particular, is the free element of the problem to be obtained

through an optimization procedure.

An optimization algorithm based on the evaluation of the Iav index is imple-

mented to Ąnd the optimal position of the robotŠs base with respect to the

human shoulder. The optimal position is sought in a domain consisting of two

horizontal planes (Figure 2.22), the Ąrst located at the shoulder, the second at

the elbow (when the arm is extended downwards along the trunk).

Figure 2.22: Domain of the robotŠs base position for the optimization algo-
rithm.

The Ąrst step of the algorithm is the evaluation of the average index Iav in a
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Figure 2.23: Interpolated maps of Iav on plane I (a) and plane II (b).

discrete grid of points where the robotŠs base is thought to be Ąxed. The grid is

deĄned on planes I and II with a resolution of 100 mm. Once the base position

with the highest value of Iav is found by the initial global optimization, the

output is used as guess solution for the second step of the algorithm, which is a

local optimization performed by the fminsearch routine by Matlab; the objec-

tive function is still the average index Iav while the optimization algorithm is

based on the NelderŰMead method (also known as downhill simplex method)

which is a numerical method used to Ąnd the minimum or maximum of an ob-

jective function in an unconstrained multidimensional space by a direct search

based on function comparison.

The outputs of the global optimization algorithm are summarized in Table

2.6, whereas the interpolated maps of Iav on the Planes I and II are plotted in

Figure 2.23.

The results obtained after the second step of local optimization are sum-

marized in Table 2.7. The reĄned values of the optimal position of the robot

base are very close to the global optimization outputs. Furthermore, a strong

inĆuence on the coordinates x and y can be noticed, while a variation of the

height z implies a small modiĄcation of the value of Iav. This result suggests

positioning the robot base at x ≃ 0 and y ≃ 1.1 m, while, for design simplicity,

the base can be Ąxed on the desk top which is approximately at the elbow level

(z ≃ −0.3 m) without signiĄcantly impairing system performance.
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Table 2.6: Output of the global optimization.

Base Position

x [m] y [m] z [m] Iav

Plane I −0.2 1.1 0 0.74

Plane II 0 1.1 −0.3 0.70

Table 2.7: Output of the local optimization.

Base Position

x [m] y [m] z [m] Iav

Plane I −0.118 1.157 0.001 0.75

Plane II 0.001 1.158 −0.113 0.74

The optimization method was based on a manipulability analysis that quan-

tiĄes the kineto-static affinity between the robotic arm and the human one by

means of the Iav index that derives from the comparison of the velocity ellip-

soids of the two arms. The aim was to create a system in which no constraint

of velocity/force of the machine limits the ability to carry out rehabilitation

exercises of various kinds.

A two-step algorithm was used to Ąnd the optimal position for the robotŠs

base relative to the human shoulder. This result was taken into account in the

Ąnal design of the system. Even if the result of the optimization procedure

depends on the anthropometric parameters of the patient, a general indication

can be deduced: the robot should be placed in front of the patient (x ≃ 0) at a

distance of approximately 1 m, whereas the height of the base can range from

the shoulder (plane I) to the elbow (plane II) of the patient without signiĄcant

differences. Thus, the simplest solution for the design can be adopted, i.e. to

collocate the robot directly on the desk top.
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Design of the Test-Bench

The results obtained in Section 2.2.1 suggest to locate the robot base at x ≃

0 and y ≃ 1.1 m, while, for design simplicity, the base can be Ąxed on the

desk top which is approximately at the elbow level (z ≃ −0.3 m) without

signiĄcantly impairing system performance. Figure 3.1 shows the Ąnal layout

of the system prototype. The humanŠs hand is connected to the end-effector

of the robot by custom handles (described in Section 3.1) to execute standard

rehabilitation exercises which can involve patientŠs arm recovery and a partial

ĄngerŠs rehabilitation. The exercise is executed in the frame area, delimited by

a white rectangle (53 cm x 34.5 cm) containing a target object whose position is

dynamically recorder by a Cognex Smart Camera (introduced in Section 3.2).

3.1 Handles

To create human-robot gripping system, two different handles have been de-

signed. These handles are designed to execute standard rehabilitation exercises

which involves patientŠs arm recovery and even a partial ĄngerŠs rehabilitation.

The Ąrst one consists of an ergonomic 3D printed handle, suitably made for a

comfortable grip, shown in Figure 3.2. Moreover, an additional glove is made

which locks the hand onto the handle with an elastic velcro-band to prevent

Ąngers for slipping. This Ąrst prototype could be especially used in two sce-

narios: the passive and the active-assisted mode. The passive mode favors in

the subjects the reduction of the speed of movement to allow muscle stretching

without triggering hypertonia especially in patients with brain injury and in-

creased muscle tone of the upper limb. The active-assisted mode, on the other

hand, allows the patients to activate the movement by reducing biomechanical

constraints and facilitating the achievement of the target with positive feedback

and reinforcement for learning.
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Figure 3.1: Final layout of the rehabilitation station.

Figure 3.2: Ergonomic handle attached to the end-effector of the robot.
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Figure 3.3: CAD model of the human-robot system.

The second handle developed allows the patientŠs Ąngers to move freely, while

the elbow and the palm of the hand are blocked by the handle system (i.e., not

considered in the DoF of the arm). The handle, whose preliminary functional

design is shown in Figure 3.3, is basically made of three components. The

Ąrst component, attached to cobotŠs end-effector, supports the whole system

and confers a free rotation about the vertical axis; in fact, such additional

free DoF is required in order to give full mobility to the human arm, which is

otherwise characterized by 5 DoF when the forearm is attached to the robot.

Components 2 and 3 are semi-rigid and adjustable to different anthropometric

characteristics. In particular, the second component has two slits by side by

which a system of straps comfortability holds the forearm. The third compo-

nent, that can be covered with foamed material in the case the patient suffers

of hand edema, clips on the second and has a slit to Ąx the handle on the

patientŠs hand. These components facilitate the patientŠs grasping and motion

towards oriented target in the cobotŠs reachable workspace. Therefore, the

handle assists and guides patientŠs upper limb exercises improving the effects

of rehabilitation training. The basic shape of the handle promotes an easy and

rapid mounting so that the patient can autonomously places and adapts it on

the impaired limb. The advantage of this handle is its universal lock-in system

to allow an easy exchange from a tool to another, without the use of screws or

complex lock systems. All this suggests, if possible, a self-rehabilitation ther-

apy at home with semi-autonomous exercise training by the patient to incite

individual self-sufficiency. During the engineering phase, the components 2 and

3 were merged and located at the center of the handŠs palm. This simpliĄcation

makes the handle system lighter, letting the wrist joint free to move and allows

for a shorter distance between the hand and the end-effector of the robot in

order to favor stability to the system. The Figure 3.4 shows the 3D-printed

components of the second handle. The two components are locked together

with an easily mountable ring and a soft material has been used to allow a

comfortable grip. The Figure 3.5 shows all components of the second han-

dle, where the dimensions are based on the dimensions with respect the 50th

percentile of the man hand (i.e., 9.3 cm) [95].
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(a) (b)

Figure 3.4: 3D printed components of the handles. (a) is the custom lock-
system attached to the end-effector of the robot; (b) is the com-
ponent of the handle which covers the hand.

Figure 3.5: All components of the second handle. From the left: the compo-
nent of the handle which is in contact to the hand; the cushion;
three hook and loop strips to secure the thumb and the cushion;
the ring locking system; the custom-made lock system which is at-
tached to the robotŠs end-effector and the screws for connecting
the handle to the end-effector.

The Figure 3.6 shows the second handle mounted on the robotŠs end-effector

which maintains the freedom of the hand in gripping, without the risk of losing

the handle during the movements.
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Figure 3.6: Handle for grasping rehabilitation exercise.

This handle can be used mostly in the active modality, both in orthopedic

and neurological contexts (outcomes of brain injury or multiple sclerosis) for

patients with incomplete strength deĄcit and altered condition.

3.2 Smart Camera

In order to increase the potentialities of the exercise, a new vision-assisted

mode is developed. This modality exploits a smart camera integrated to the

robotic system which detects a real object inside the workspace. The smart

camera used is the Cognex InSight 7600 shown in Figure 3.7 since is a compact,

network-ready, stand-alone machine vision system generally used for automated

inspection, measurement, identiĄcation and robot guidance applications. The

camera is mounted on an aluminium-proĄle with a 3D-printed locking system

and is located above the table in order to reach greater Ąeld of view and in-

crease the operative distance (Figure 3.8). To obtain the Ąeld of view of (72 x

54) cm, the camera is mounted 80 cm above the working plane.

The camera calibration and the target recognition have been Ąnalized in Ex-

plorer Insight software. Since the camera is Ąxed and the target is free to move

with respect to the global reference system, it is performed the eye-to-hand

robot calibration. This method guarantees the perception of the environment

in which a vision guided robot operates by mapping of the scene in the robot-

camera shared workspace. The algorithm is based on the knowledge of the

homogeneous transformation matrix (4x4) from the robot base to the robot-

end-effector (i.e., the direct kinematics) and the homogeneous transformation
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matrix (4x4) from the target to the camera system aimed to calculate the

homogeneous transformation matrix which allows to move from the camera

reference frame to the end-effector reference frame. This method guides from

the camera system to the robotic base frame [96,97] (shown in Figure 3.9).

Figure 3.7: Cognex InSight 7600 Smart Camera

Figure 3.8: Vision system mounted above the working place and its workspace.
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Figure 3.9: Representation of the calibration eye-to-hand [7]

.

The calibration consists of the following simpliĄed steps:

1. Camera-robot communication through TCP/IP protocol;

2. Adjust the camera parameter to improve the quality of the image;

3. Train the camera in order to recognize the customized Tool Center Point

(TCP) of the robot for the calibration procedure (Figure 3.10). This TCP

is designed in order to guarantee the possibility to perform the calibration

process maintaining the camera focal axis and the end-effector Z-axis

parallel each other. In Figure 3.11 is shown the TCP mounted on a bar

connected to the end-effector of the robot;

4. Train the camera to recognize the target to be achieved in the rehabili-

tation exercise;

5. Start the calibration procedure in the UR5e sofware (Polyscope), deĄning

two points for the width and one point for the height.

After this procedure, the robot moves in the Ąeld of view (deĄned in the step

5) determining 20 points that are recorded from the camera and used to solve

the calibration problem. Finally, a calibration Ąle is created from the vision
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system software, where the working plane has been deĄned and is possible to

move from the smart camera coordinate system to the robotic reference frame.

Figure 3.10: TCP 3D-printed customized for the calibration procedure.

Figure 3.11: Robot system for calibration.
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Application 1: Cobot-assisted

exercise for the upper limb recovery

The test-bench has been developed with a speciĄc focus on the enhancement

of stroke patients ability to follow speciĄc trajectories with their upper limbs.

Such directions have been constrained by the UR5e, using a novel control law

described in this chapter which helps the user in performing the wanted motions

and, at the same time, prevents different directions of movement through an

impedance control. The target of the movement is dynamically modiĄable

by the exercise supervisor in order to optimize the result of the therapy [98].

The Ąrst cobot-assisted exercise has been tested on healthy and neurological

patients (described in the Pilot study 4.2 with results in Section 4.2.2).

4.1 Rehabilitation Exercise and Control laws

The main target pursued by the rehabilitation framework is to train the ability

of neurological patients to follow a given trajectory, chosen by the caregiver. To

such aim, the UR5e has been provided with the ergonomic handle speciĄcally

designed to be manipulated by both people unable to exert a grasping force

and by subjects suffering from spasticity, who cannot easily open their Ąngers

to grasp. The patients are then asked to move the handle, which is provided

with a pointer, towards an object (which serves as a target) whose position is

dynamically recorded by the smart camera (COGNEX camera) and transmit-

ted to the UR5e controller by TCP communication.

A speciĄc program has been developed to make the robot accomplish two basic

tasks: to help the patient running the linear trajectory towards the target, and

to hinder possible deviations from that path by means of an elastic pull-back

force. The development was performed in Polyscope software. For patients

safety, robot velocity and accelerations were limited during the whole exercise;

moreover, the framework has been designed to let the patients sit out of the

robot reach to avoid accidental contacts with head. The exercise is aimed at

recovering the patientŠs cortical plasticity and, with the principles of Motor
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Learning, the motor recovery is optimised through the implicit learning of a

task.

The phases of which the exercise is composed are shown in Figure 4.1.

Figure 4.1: Main phases of the rehabilitation exercise.

BrieĆy, they can be described as follow:

1. The caregiver (or the patient, if able to) sets the starting point Pi of the

trajectory by positioning the handle (i.e., the UR5e end-effector, EE) in

front of the subject, so that it can be grabbed comfortably.

2. The caregiver choses a Ąnal point Pf for the trajectory just moving the

ring target on the plane of the bench. The COGNEX camera frames the

target coordinates and communicates them to the robot. The caregiver

has to set the number of repetitions of the exercise (i.e., n).

3. The end-effector is maintained steady at Pi until the patient exerts a

force Fp greater in module than a pre-deĄned (eventually customized on

patientŠs characteristics) threshold value Ft:

♣Fp♣ > Ft (4.1)

Since that moment on, the actual exercise starts and the robot moves

according to the control law detailed later.
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4. During the exercise, which is cycled for a number of times (n) decided a

priori, the robot exerts a force which depends on the patient interaction

and on the end-effector tip point position (called P) with respect to the

line r : Pf − Pi. In particular, two components of force are of interest,

as described in Figure 4.2: a component parallel F∥ to the line r and

proportional to the force exerted by the user in the same direction (Fp,∥,

measured by means of the on-board force sensor), and a component F⊥

perpendicular to r conĄgured as a variable stiffness elastic force.

5. The exercise repetition is considered completed when the end-effector tip

reaches the target position Pf . The subject is informed from an audio

feedback and when this happens, the UR5e moves the handle to Pi driving

back the patientŠs hand to the starting point.

6. Once the subject completed the n repetitions, the exercise is up and

the patients hand is moved back to Pi where the caregiver decides if a

further set of repetitions has to be done with identical or modiĄed force

parameters.

As before mentioned, the three components of force to be exerted by the UR5e

are computed to pursue two different aims: to help the motion along the line r,

and to contrast any deviation from such trajectory. To this purpose, the force

has been broken down into two components, parallel and perpendicular to r

(see Figure 4.2). The component F∥ has been chosen to be proportional to the

component of the force applied by the patient to the handle (Fp) parallel to r,

called here Fp,∥. To provide the exercise with a further degree of customization,

the proportionality can be selected by the caregiver according to three different

level of intensity:

Figure 4.2: Forces components of the UR5e robot thrust.

• Easy →F∥ = cFp,∥: the robot applies a force towards the target, actively

helping the patient to reach the target. The constant c was chosen equal
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to 0.5 following the suggestions of professional caregivers after personally

testing the device

• Medium →F∥ = 0: the robot does not apply any force in the direction

of the target. Therefore, the patient must apply the force necessary to

move the handle as if the robot is set in free-drive in such direction.

• Difficult →F∥ = −cFp,∥: the robot contrasts the patient providing a

force in the direction opposite with respect to the target.

It is worth remarking that a proper set of safety protocols and force thresholds

has been implemented to avoid the robot to push on the patientŠs hand in an

uncontrolled manner. The perpendicular component of force is determined by

a variable stiffness to provide a smooth reaction of the robot, especially across

the line r. Also, according to the suggestions of professionals, it is useful for

patients to have a superior compliance when the handle pointer is far away

from the target, while it shall became harder to deviate from the trajectory

while approaching Pf . To achieve this purpose, a variable stiffness k has been

implemented, as graphically presented in Figure 4.3. In few words, a conic

transition space has been deĄned around the line r. Within such space, the

stiffness follows a cubic trend going from 0 (when P ∈ r, i.e., when the patient

is exactly following the trajectory) to a maximum value kmax on the surface

of the cone. The apex of the cone coincides with Pf , while its aperture is

given by the maximum radius ρmax reached at Pi. For simplicity, ρmax was

set proportionally to the distance ♣Pf − Pi♣. The constant σ which rules the

proportionality is for this manuscript σ = 1/3. In formulas, it is:

k :







dist(P, r) ≤ dσ ⇒ k = kmaxdist(P,r)2

(dσ)2 (3 − 2dist(P, r))

dist(P, r) > dσ ⇒ kmax

(4.2)

where d is the distance among the handle pointer P and the target Pf pro-

jected on the line r, as shown in Figure 4.3. The maximum stiffness kmax was

set at 20 N/mm. It should be remarked that the maximum force that the robot

is able to exert is quite limited (50 N), providing an intrinsic force saturation

which ensure the overall safety of the application.
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Figure 4.3: Cubic trend of the variable stiffness.

4.2 Pilot study

A pilot study was conducted at the neurorehabilitation clinic of Torrette Hospi-

tal with the collaboration of the University of Medicine in Ancona. Ten subjects

(mean age of 66.90 years ± 6.93 (mean ± std)) with neuro-muscolar disorders

and reduced handŠs tactile perception and nine healthy subjects (mean age of

33 years ± 5.20) were enrolled to participate in a single experimental session.

The Figure 4.5 shows some participants performing the exercise. Patients were

enrolled if they presented a disabling upper limb paresis (as proxied by a muscle

strength score of 2 to 4 on the Medical Research Council test, at the shoulder,

elbow and wrist/Ąnger levels) and were free from moderate to severe upper

limb spasticity (i.e. if they exhibited a modiĄed Ashworth Scale score <2 at

any level). Exclusion criteria for both patients and controls were: severe cog-

nitive deĄcits, pain, disabling comorbidities, drug or alcohol abuse, and any

condition preventing them to provide an informed consent.

The timeline of the study protocol is reported in Figure 4.4.

At the beginning of the experimental session, all subjects were informed about

the goal of the exercise and how interact with the robot. After a short break,

each subject had to independently perform the exercise. The patient group

was asked to perform 3 repetitions of the exercise (i.e., repeating 3 times the

passages from phase 3 to 5 as enumerated in Section 4.1), while to the control

group was asked to perform the exercise 5 times. In this way, each patient is not

overloaded in the therapy session. At the end of the session, a qualitative ques-

tionnaires was conducted for all participants to understand the acceptability

of the session.
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Figure 4.4: Time line of the study protocol.

Figure 4.5: Some participants performing the experimental session.

4.2.1 Data Analysis

The data acquired were stored in .csv Ąles and post-processed in Matlab. Then,

they were Ąltered by type, taking into consideration only those records useful for

the analysis, as the actual force and pose of the TCP. All data were windowed

based on the range of time in which the subject performed each repetition of

the exercise. The feature extraction is based on:

• Trajectory evaluation: where the trajectoryŠs trend and the error between

the TCP pose of the actual and the planned trajectory are analyzed.
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Table 4.1: Demographic characteristics of participants.

Category Impaired group Control group
Gender (Male, Female) 9 M, 1 F 7 M, 2 F
Impaired Hand (Left, Right) 2 R, 8 L -
Age (years) (mean (std)) 66.9 (6.93) 31 (5.2)

• Force evaluation: the mean, minimum and maximum force have been

evaluated to monitor the forces exerted by the subject during the exercise.

4.2.2 Results

The participants completed the protocol without adverse events related to the

device. Only the subject #1 was unable to complete the exercise due to slight

pain in the limb and was not considered in the data analysis. The Table 4.1

reports the demographic characteristics of all participants. In the Pi set-up

phase (Figure 4.1), the caregiver asked each volunteer to grasp the handle

with the arm relaxed for 5 s and then to apply a high force to the handle.

This phase is necessary to personalise the exercise and to establish the force

limits (maximum and minimum) of the training in order to be accomplished

effortlessly.

The average of the maximum force measured in the set-up phase of the

patient group is 43.45 (21.98) N, while for the control group is 50.2 (33) N.

The executed trajectories and forces recorded by the robot are shown in Figure

4.6 for one patient and in Figure 4.7 for one healthy subject. These Ągures

belong to an execution in easy mode, which is the Ąrst modality tested. The

trajectory generated by the subjectŠs hand during the exercise to reach the

target is calculated based on the coordinates given by the variation of the

robotŠs TCP pose during the performance. The two forces are shown in a

normalized time abscissa, in order to make the three repetitions comparable.

The actual times required for the three executions have been 26.82 s, 5.4 s and

6.04 s (mean 12.75 s) for the patient and 8.35 s, 4.13 s and 3.99 s (mean 5.49

s) for the second subject. As visible, higher deviations from the line Pf − Pi

are present in the patient respect the control subject. Especially during the

Ąrst repetition, the patient does not follow a linear movement, but deviates

from the planned trajectory. This may be due to the fact that during the

Ąrst trial the patient does not yet have conĄdence in the system. Moreover,

the deviations at the beginning of the exercise (next to point Pi), are higher

probably due to the force threshold that the subject is asked to overcome in

order to start the motion (phase 3 of the exercise). Despite such deviations, the

perpendicular (or radial) force P⊥ (or Pr) in this region of space is mostly low

since the EE is provided with a great compliance. On the contrary, the robot
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strictly drives the subject hand next to Pf where the transition among null

stiffness and kmax is pretty fast. The parallel (or longitudinal) force P∥ (or Pl)

is an indicator of how much the robot is helping the subject in performing the

exercise and for the three repetitions its value is different for each subjects. In

general, the average value of absolute force required to the user to perform the

exercise (which is 1/c times that exerted by the robot) is 6 N (where c is the

coefficient described in the robot working modalities). It is worth reminding

that the value of the rehabilitation does not lie in the muscular effort but on

the coordination required to achieve the goal of following a trajectory.

The trajectoryŠs error is deĄned as the difference between the trajectory and

the planned one. The quantitative results from the trajectory analysis are listed

in Table 4.2, which shows the mean error calculated for the impaired and the

control group in each working modes (i.e. easy, medium and hard). To obtain

comparable results between the two groups, the errors are calculated on the

trajectories performed by the impaired arm for the patient group and by the

non-dominant arm for the control group. The trajectory executed from the

patient group differs from the planned one more than those performed by the

control group, but the largest mean error for both groups lies in the easy mode,

with an overall value of 0.016 ± 0.01 m (for the patient case) and 0.008 ± 0.004

m (for the control case). Even if patients have coordination problems, they still

manage to perform the exercise with low error values. Figure 4.8 and Figure

4.9 show the trend of the trajectoryŠs error for each subject and the average

error (in black) for all subjects during the Ąrst repetition of the easy modality.

In patients, the average error is highest at the beginning of the exercise (20%

), reaching values of 0.02 m. In the control group, instead, the error slightly

increases from the 30% and 50% phases and decreases from the 70% of the

completed exercise. However, the error is still very low and subjects are able

to follow the planned trajectory smoothly.

Figure 4.10 and Figure 4.11 show the trend of the trajectoryŠs error and their

average for all subjects in the last repetition of the hard working mode. As

each subject performed the exercise several times, the average curves of the

two groups are similar (the errors of the patients are however slightly higher

than those of the healthy subjects) with their maximum value in the 30% of

completion of the exercise
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Table 4.2: Mean error between the planned and the measured trajectory for
the patient and control group.

Mean error ± std (m)

Easy Mode
Patient group 0.016 ± 0.01
Control group 0.008 ± 0.004

Medium Mode
Patient group 0.012 ± 0.004
Control group 0.007 ± 0.001

Hard Mode
Patient group 0.012 ± 0.004
Control group 0.008 ± 0.002

0.4

0.6-0.05

0

0.05

0.1

0.15

0.2

-0.2

0.25

-0.1 0 0.80.1 0.2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

1st repetition

2nd repetition

3rd repetition

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

10

20

30

40

Figure 4.6: Results on one patient in terms of executed trajectories and forces
(Fr and Fl) executed by the robot.
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Figure 4.7: Results on one healthy subject in terms of executed trajectories
and forces (Fr and Fl) executed by the robot.
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Figure 4.8: TrajectoryŠs error of all patients during the Ąrst repetition of the
easy modality.
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Figure 4.9: TrajectoryŠs error of all healthy subjects during the Ąrst repetition
of the easy modality.
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Figure 4.10: TrajectoryŠs error of all patients during the last repetition of the
difficult modality.
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Figure 4.11: TrajectoryŠs error of all healthy subjects during the last repetition
of the difficult modality.

Force data recorded by the robotŠs TCP are listed on Tab. 4.3 for the pa-
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tient group and on Tab 4.4 for the control group, where the mean, minimum

(min), and maximum (max) force values are reported with the standard devi-

ation (std) in the three modes. The mean values in the control group increase

as the difficulty of the exercise increases, whereas in the patients there is a

lower value in the medium mode, while in the remaining modes the values are

approximately the same. This is because the difference among each modes is

very small and the perception of increased difficulty is minimal. This strategy

devised with clinical staff to avoid muscle fatigue in patients. The minimum

values, on the other hand, are proportional to the increase in difficulty and

the negative sign indicates its opposite direction respect to the direction of

movement. This is an indicator that the subject is braking or slowing down

the handle. Since patients apply more effort to complete the exercise, their

maximum forces are higher than those in healthy subjects and, in both groups,

the higher forces are in the hard mode.

Figure 4.12 shows the longitudinal force applied by each impaired limb and the

corresponding standard deviation calculated over a sliding window of 500 sam-

ples. Only the longitudinal force applied by patient #10 differs more from all

the others, which ranges between -20 N and 30 N. Figure 4.13, instead, shows

the longitudinal force and the sliding standard deviation of each unimpaired

limb applied by the patient group. In most cases, the value of the forces are

similar to those applied by the impaired limb, while their trend is different:

in the case of the impaired arm, the trend of the standard deviation is not

smoothed and reaches higher peaks. This result evaluates the performance of

the unimpaired and impaired limb and how they interact with the robot in

the longitudinal direction. Figure 4.14, instead, shows the longitudinal force

applied by the non-dominant arm and the corresponding standard deviation

for the control group.
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Figure 4.12: Longitudinal force applied by each impaired limb and the corre-
sponding standard deviation in one repetition of the easy modal-
ity.
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Figure 4.13: Longitudinal force applied by each unimpaired limb and the corre-
sponding standard deviation in one repetition of the easy modal-
ity.
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Figure 4.14: Longitudinal force applied by each non-dominant arm and the
corresponding standard deviation in one repetition of the easy
modality.
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Table 4.3: Mean, min and max values of the applied force for the patient group.

Mean
force ±

std (N)

Min
force ±

std (N)

Max
force ±

std (N)
Easy

Mode

7.68 ±

7.33
-8.83 ±

8.49
22.01 ±

8.18
Medium

Mode

4.82 ±

9.56
-11.38 ±

7.78
20.18 ±

11.26
Hard

Mode

7.08 ±

9.42
-13.45 ±

5.73
24.88 ±

12.49

Table 4.4: Mean, min and max values of the applied force for the control group.

Mean
force ±

std (N)

Min
force ±

std (N)

Max
force ±

std (N)
Easy

Mode

5.19 ±

4.17
-5.46 ±

5.63
16.50 ±

9.31
Medium

Mode

5.45 ±

4.8
-6.46 ±

4.75
16.46 ±

10.59
Hard

Mode

8.46 ±

6.43
-9.51 ±

5.54
22.75 ±

17.62
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Table 4.5: Evaluation questionnaire.

Yes,
very much

Quite a lot
Neutral or
no opinion

Little Not at all

Difficulty in performing the exercise 33% 33% 22% 6% 6%
Scared of the robot system - - - 11% 89%
Fun in robotic training 44% 28% 22% 6% -
Level of satisfaction in achieving the goal 44% 34% 9% 13% -
Perform again the therapy 52% 24% 18% 6% -

At the end of the session, each volunteer was subjected to an evaluation

questionnaire. The results are reported in Table 4.5.

Only the 33% of subjects Ąnd the exercise difficult to perform and the majority

of them were not afraid of robotic technology. The 52% of the subjects would

return to do another therapy session, but the exercise should be modiĄed to

stimulate and motivate more, as after several trials some subjects started to

get bored. However, the system was well accepted by volunteers and also by

medical staff. Only two subjects declared that they preferred human interac-

tion rather than sitting in front of a machine performing therapy. Additional

comments emerged on the handle system, especially from the patient group, as

some found it difficult to see the pointer under the handle and, consequently,

had a hard time reaching the centre of the target.

4.3 Discussions

The framework is targeted at neurological patients to train their capacity of

following simple trajectories (e.g., lines) towards a target without deviating

from the shortest path. The phases of the exercise, which have been reĄned

together with professional caregivers, have been presented with the control law

of the robot. Such law has been developed to reach a double goal of helping

the motion along the linear trajectory and contrasting any deviation from it.

The task has been accomplished using a force proportional to that exerted by

patients along the trajectory, and an elastic pull-back in the perpendicular di-

rection.

The development of the framework allowed to perform experimental tests on

9 healthy volunteers and on 10 neurological patients. The participants com-

pleted the protocol without adverse events related to the device. The three

modes developed with the exercise (i.e., easy, medium and hard) are planned

to produce a force that helps or gives resistance to the subjects. The trajectory

executed by the patient (Figure 4.6) differs from the one of the healthy subject

(Figure 4.7), especially in the Ąrst repetition. At the beginning of the exercise,

the patients do not know the right direction to follow. Progressively, in sub-

sequent repetitions, the patients become familiar with the exercise and learn
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the right direction to follow. Their trajectoryŠs mean errors are always greater

than those of healthy subjects. However, in both groups the error reaches the

highest mean value in the easy modality (the Ąrst modality tested), respectively

of 0.016 ± 0.01 m for the patient group and 0.008 ± 0.004 m for the control

group. After all repetitions, patients have learned the right direction to follow

and, consequently, the trajectoryŠs errors decrease.

The force data recorded by the robotŠs TCP show that the average of the base-

line force in patients (43.45 (21.98) N) is lower than in healthy subjects (50.2

(33) N), which demonstrates a weakness of the patientŠs impaired arm. During

the exercise, instead, patients strained the arm more and exerted higher forces

than healthy subjects, especially in the hard mode. Since the patients have

more difficulty in performing the exercise, they apply higher forces to compen-

sate their armŠs weakness.

The robotic system was well-accepted by volunteers (the 52% of the subjects

would return to do another therapy session and the 44% enjoyed doing the

exercise) and also by the therapists which supervised the exercise. The system

allows to record data of the therapy, from the tracking of the executed tra-

jectory to the interaction force applied by each subject. The robotŠs sensors

evaluate how much help the patient needs, ensuring that the exercise is to the

appropriate level required by the subject. Moreover, the therapy could be pro-

longed with intensive sessions with limited intervention by the therapist, who

has to supervise the exercise.
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Application 2: Cobot-assisted

exercise for grasping recovery

The test-bench used for the second rehabilitation exercise is the same as the one

used in the Ąrst application. This chapter describes the second cobot-assisted

exercise tested only on healthy volunteers. In the exercise, the handle used is

the one that connects directly the EE to the forearm of the upper limb and

the robot was built with an additional control law for controlling the rotation

about the vertical axis (shown in3.6). The exercise and the control laws are

described in Section 5.1, while the pilot study and the results respectively in

Section 5.2 and in Section 5.2.1.

5.1 Rehabilitation Exercise and Control laws

In this exercise the subject handles the robot trying to grasp a cylindrical

target randomly placed on a workbench. The aim of the task is to restore the

proprioceptive abilities, helping the subject to perform repetitive movements

and restoring the muscular activity in the arm but also in the Ąngers. To

such aim, the UR5e has been provided with the handle system located directly

on the palm of the hand (described in Section 3.1) which allows the humanŠs

Ąngers to move freely. The movement, as the previous application, follows a

linear planned trajectory and the robot can help or hinder the movement with

the control low used in the Ąrst exercise. Moreover, different control laws are

added to control free movement of translation along the X Y and Z axis and of

rotation on the Z-axis, giving the possibility to grasp during the rehabilitation

exercises. The humanŠs hand is connected to the end-effector of the robot by

a custom handle to execute standard rehabilitation exercises which involves

patientŠs arm recovery and a partial ĄngerŠs rehabilitation.

Three force controls are developed to build up the exercise:

• Freedrive Law: the robot generates a torque on the 6th robotŠs joint to

assist the rotation of the forearm in order to compensate for friction. The
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constraints used in the formulation of the low are as follows:

Ű the robotŠs torque (Tr) must be stable when its value is close to zero

and when the torque read by the sensor (i.e., the humanŠs torque)

is high;

Ű The maximum Tr output should correspond at the 25% of the torque

applied by the human (Th).

Therefore, the input of the law is the torque generated by the humanŠs

hand along the Z axis and the output is given by the robotŠs torque

which is deĄned in the same direction of Th in order to assist the human

movement. The law follows the Equation 5.1:

Tr = −2(
Tr,max

T 3
h,r

)(Th − Th,0)3 + 3(
Tr,max

T 2
h,r

)(Th − Th,0)2 (5.1)

where Th,0 is the humanŠs torque applied at rest condition at the begin-

ning of the exercise, Tr,max is the maximum torque of the cobot and Th,r

is the humanŠs torque necessary to reach Tr,max (T0,h + Th,r = 1).

• Impedence Control Law: is the dynamic law which regulates the relation-

ship between force and position on one site and velocity and acceleration

on the other side. This law belongs to the safety system and is based

on the actual pose of the TCP of the robot with respect to the planned

trajectory and regulates the output forces/torques generated to maintain

that trajectory (Section 4.1).

• Assistive and Resistive Law: it sets the magnitude and direction of the

robotŠs force acting along the planned trajectory between TCP and tar-

get.
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Figure 5.1: One participant performing the second exercise.

5.2 Pilot study

This exercise was tested only on healthy subjects in order to understand if the

human-robot interaction in the target grasping is comfortable and facilitated.

Ten healthy volunteers have been recorded during the exercise, 8 male and 2

female (mean age of 30 years) at the Mechatronic Industrial Robotic (MIR)

laboratory of the University Polytechnique of Marche. Each subject has been

supervised during the whole procedure. The Figure 5.1 shows one participant

performing the exercise and the timeline of the study protocol is the same shown

for the Ąrst exercise (Figure 4.4). At the beginning of the experimental session,

all subjects were informed about the phases and the goal of the exercise and how

interact with the robot. After a short break, each subject had to independently

perform the exercise and was asked to perform 5 repetitions of the exercise. To

facilitate the comparison among all subjects, each modality is assigned to a

speciĄc location of the target. This means that the caregiver, according to

the selected mode (i.e., easy, medium and hard), has to place the target in a

predetermined location. The Figure 5.2 represents the target positions on the

workbench for each exercise.
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Chapter 5 Application 2: Cobot-assisted exercise for grasping recovery

Figure 5.2: Target Ąxed position during the exercise

The data analysis performed for this exercise is the same adopted for the

previous application (see Section 4.2.1).

5.2.1 Results

All participants completed the protocol without adverse events related to the

device. The trajectory generated by the subjectŠs hand during the exercise to

reach the target is calculated based on the coordinates given by the variation

of the robotŠs TCP pose during the performance. Figure 5.3 shows executed

trajectories and forces applied by one subject. This Ągure belong to an execu-

tion in hard mode, which is the last modality tested. The executed trajectory

does not deviate from the planned one and the subject can easily follow a linear

trajectory. The two forces are shown in a normalized time abscissa, in order to

make the three repetitions comparable. The actual times required for the three

executions have been 4.04 s, 9.2 s and 4.47 s (mean 5.9 s). The perpendicular

(or radial) force P⊥ (or Pr) at the beginning of the repetition is mostly low

since the EE is provided with a great compliance. On the contrary, the robot

strictly drives the subject hand next to Pf where the transition among null

stiffness and kmax is pretty fast. The parallel (or longitudinal) force P∥ (or Pl)

is an indicator of how much the robot is helping the subject in performing the

exercise and its range is between -20 N and 20 N.
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Figure 5.3: Results one one subject in terms of executed trajectories and forces
(Fr and Fl).
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Chapter 5 Application 2: Cobot-assisted exercise for grasping recovery

The quantitative results from the trajectoryŠs error, which correspond to the

difference between the executed and planned trajectory, are listed in Table 5.1

for each mode (i.e., easy, medium and hard). The largest mean error, comparing

the left and right arms, is in the easy mode, with an overall value of 0.014 ±

0.004 m. The hard mode, instead, has the smallest overall mean error with

a value of 0.006 ± 0.003 m. This is because after several trials the subject

has increased conĄdence in the robotic system. Figure 5.4 shows the trend of

the trajectoryŠs error and the average curve of the errors (in black) among all

subjects during the last repetition of the hard mode. The range of the error is

between 0 m and 0.025 m and the average curve reaches the maximum value

in the intermediate phase of the exercise (40%). However, the error is low and

all subjects are able to follow the planned trajectory smoothly.

Force data recorded by the robotŠs TCP are listed on Table 5.2. The highest

maximum force recorded on all the subjects during the exercise is given by the

left arm in the easy mode, with a value of 15.61 ± 5.15 N. However, since the

three modes are easy for healthy subjects, the difference among the maximum

values is minimal. On the other hand, the average values are low and mostly

negative, which indicate their opposite direction respect to the direction of the

line Pf − Pi. The negative sign indicates that the subject is braking or slowing

down the handle. Figure 5.5 shows the longitudinal force applied by each

subject with the right arm and the corresponding standard deviation calculated

over a sliding window of 500 samples. All forces are in the range of -20 N and

30 N and since there are no sudden changes in forces, the standard deviation

trend is almost constant. Figure 5.6 shows the longitudinal force and the sliding

standard deviation of each left arm. The range of the forces and the standard

deviationŠs trend are the same of the right arm.

Table 5.1: Mean error between the planned and the measured trajectory.

Mean error ± std (m)

Easy Mode
R 0.010 ± 0.004
L 0.014 ± 0.004

Medium Mode
R 0.008 ± 0.003
L 0.008 ± 0.003

Hard Mode
R 0.006 ± 0.003
L 0.006 ± 0.003
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Figure 5.4: TrajectoryŠs error of all volunteers during the last repetition of the
hard mode
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Figure 5.5: Longitudinal force applied by each right limb and the correspond-
ing standard deviation in one repetition of the easy modality.
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Figure 5.6: Longitudinal force applied by each left limb and the corresponding
standard deviation in one repetition of the easy modality.
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Table 5.2: Mean, min and max values of the applied force.

Mean
force ±

std (N)

Min
force ±

std (N)

Max
force ±

std (N)

Easy

Mode

R
-1.67 ±

3.48
-14.09 ±

5.41
10.19 ±

5.13

L
3.55 ±

4.18
-11.70 ±

6.66
15.61 ±

5.15

Medium

Mode

R
-3.15 ±

3.26
-16.89 ±

5.62
10.32 ±

6.63

L
4.34 ±

2.98
-11.34±

7.76
15.30 ±

7.34

Hard

Mode

R
-3.41 ±

3.78
-15.61 ±

4.69
10.55 ±

6.88

L
0.94 ±

5.61
-11.83±

8.46
11.75 ±

6.17

5.3 Discussions

In the proposed exercise, the subject is attached to the robot with a handle and

the goal is to have it grab a cylindrical target placed randomly on a workbench.

This exercise has only been tested on 10 healthy subjects to understand if the

human-robot interaction in the target grasping is comfortable and facilitated.

The phases of the exercise are the same as the previous application (Chapter

4), where the robot has to help the motion along the linear trajectory and

contrast any deviation from it. The task has been accomplished using a force

proportional to that exerted by subjects along the trajectory, and an elastic

pull-back in the perpendicular direction.

The development of the framework allowed to perform experimental tests on

10 healthy volunteers. No adverse events related to the robot occurred and

all volunteers were successful in performing the exercise. The handle did not

create irritation or discomfort and the subjects could easily grasp the object.

The three modes developed with the exercise (i.e., easy, medium and hard)

are planned to produce a force that helps or gives resistance to the subjects.

The trajectory executed by each subject follows linear trend and is closer to

the planned one. Therefore, the difference between the executed and planned

trajectory is minimal, reaching the maximum value of 0.010 ± 0.004 m.

The force data recorded by the robotŠs TCP show the typical forces range

during one session. All subjects apply forces between -20 N and 30 N without

sudden changes. The highest maximum force is given by the left arm in the easy

mode. This could be due to the inexperience of the subjects during the Ąrst run
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of the exercise, as they have no indication of how much force is needed to move

the robot. However, since the three modes are all easy for healthy subjects,

the difference among the maximum forceŠs values is minimal (the discrepancy

is about ± 5 N).

Future development will be testing this exercise on neurological patients to

restore the proprioceptive abilities, to help patients in performing repetitive

movements and to restore their muscular activity in the arm and in the Ąngers.
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Chapter 6

Application 3: Online method to

monitor hand muscle tone during

robot-assisted rehabilitation

The work described in this chapter is the result of an experience at the Swiss

Federal Institute of Technology (ETH) in Zurich. The work is done in collabo-

ration with the Rehabilitation Engineering Laboratory, Department of Health

Sciences and Technology [99].

This study wants to emphasize the concept of the robot-assisted neurorehabili-

tation where the dose of the therapy is increased via minimally or un-supervised

high-quality training without adding additional burden to the therapists, for

instance in the home environment. Consequently, the safety of such a therapy

approach is becoming crucial for achieving and maintaining comfortable and

effective interaction between the robot and the patient in the absence of super-

vision. Given their intensive regime, robot-assisted therapies may contribute to

temporarily increase muscle tone and spasticity, particularly in stroke patients

which frequently suffer from muscle tone alterations. A long-term increase in

muscle tone might have negative effects such as the reduction of functional

capacity of the limb or severe pain. To carefully monitor muscle tone dur-

ing therapy, an online perturbation-based method is proposed which is able to

monitor the Ąnger muscle tone during robot-assisted hand rehabilitation ex-

ercises. In this work, is reported the quantitative evaluation of the method

performance, Ąrstly through a stiffness identiĄcation experiment using springs,

and secondly in a pilot study with unimpaired and spastic subjects after stroke.

This will allow to validate the accuracy of the method and identify the range

of muscle tone Ćuctuations during a single therapy session. This could be used

to develop smart algorithms that automatically adapt therapy parameters to

ensure userŠs safety at all times.

The proposed study employs the ReHandyBot (RHB), a portable haptic device

for hand rehabilitation, as assessment and therapy platform, developed in the

Rehabilitation Engineering Laboratory [100,101].
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The RHB has two degrees of freedom (DoF) that allow training of grasping

(i.e., Ćexion-extension of the Ąngers) and prono-supination of the forearm dur-

ing therapy exercises with haptic feedback. A virtual reality interface displays

the objects to interact with in the context of engaging exercises, while their

mechanical properties are rendered through instrumented Ąnger pads held and

manipulated by the users. During the exercises, users sit in front of the RHB

and fasten the Ąngers on the handles with VELCRO straps, as shown in Fig-

ure 6.1. The Figure shows a subject performing the sponge exercise with the

RHB, which includes physical (i.e., instrumented Ąnger pads, colored push-

button keyboard) and graphical user interfaces (GUIs) and a set of therapy

exercises that can be used without supervision. During the sponge exercise,

subjects have to identify sponges with different stiffness by squeezing them and

then press the color corresponding to the perceived stiffness on the pushbutton

keyboard. A movable hand cover allows to cover the hand during the execu-

tion of the exercise. Emergency stop buttons can be pressed at any time. To

allow patients with different Ąnger muscle tone to use the device, the Ąnger

pads have been designed with an ellipsoidal shape. This could especially help

patients with increased muscle tone to reduce the slide out of the Ąngers, while

allowing a simple hand placement and a comfortable grip. One-DoF load cells

(Omega LCL-040 Thin Beam) are located under each Ąnger pad and allow the

measurement of the interaction forces (i.e., grasping force and pronosupina-

tion torque) between the user and the robot. The user can interact with RHB

(e.g., login to the therapy plan, select and execute the exercises) through an

intuitive colored pushbutton keyboard suitable for unsupervised therapy. RHB

offers the same assessments and assessment-driven rehabilitation exercises pre-

viously implemented on ReHapticKnob, which aim at training grasping and

forearm pronosupination movements, as well as proprioception, haptic per-

ception, sensory-motor memory and cognitive function. More details on the

therapy platform, assessments and therapy exercises can be found in [102,103].
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Figure 6.1: A subject performing the sponge exercise with the ReHandyBot.

6.1 Therapy exercise with online muscle tone

monitoring

Based on the results of proof of concept reported in [104], a muscle tone es-

timation method was developed. Fast (150 ms) and slow (250 ms) 20 mm

ramp-and-hold perturbations on the grasping DoF (i.e., 10 mm at the Ąngertip

per Ąnger) are randomly applied by the RHB during the therapy exercises to

stretch the long Ąnger Ćexor muscles within their range of motion, while the

hand is relaxed. Stretching of the Ąnger Ćexors was chosen over stretching of

the Ąnger extensors since this is the direction that predominantly elicits spas-

tic behavior [105]. The small perturbation amplitude prevents overstretching

of the Ąngers and make perturbations less perceivable, since changing sub-

jectŠs awareness and stress can inĆuence muscle tone [106Ű108]. The chosen

time windows allow to capture short (i.e., spinal monosynaptic) and long-loop

(i.e., transcortical) stretch reĆex reactions that are relevant for the control of

muscle tone and exclude steady state voluntary reactions, which starts after

approximately 750ms [109Ű111]. Two speeds allow to evaluate if muscle tone

is speed-dependent (i.e., as in the case of spasticity).

Muscle tone can be mathematically evaluated as the change in resistance (e.g.,

force or stiffness) per unit change in length (e.g., δ force / δ displacement of

the tissue) [112]. Since the perturbation-induced force reactions at the Ąnger
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Chapter 6 Application 3: Online method to monitor hand muscle tone during robot-assisted rehabilitation

pads are used to compute tone with a 20mm displacement, a Ąrst experiment

was carried out to verify the reliability of the force (and stiffness) identiĄca-

tion. Ten slow and ten fast perturbations were applied on two different springs

with known stiffness (0.97N/mm and 1.57N/mm), which were connected to

the inside of the Ąnger pads through two cylindrical constraints, as shown in

Figure 6.2. The springs were chosen to generate reaction forces that, for a

displacement of 20mm and based on data collected during a previous clinical

study [102], are within the range of forces typically generated by stroke patients

during functional therapy tasks (i.e., around 30N).

Figure 6.2: Setup for the stiffness identiĄcation experiment. Two linear springs
with stiffness 0.97N/mm and 1.27N/mm were applied on the inside
of the Ąnger pads through two cylindrical constraints while apply-
ing the perturbations. This allowed to estimate the performance
of the perturbation-based stiffness identiĄcation.

The muscle tone monitoring method is embedded into a sponge identiĄ-

cation exercise, which was inspired by the neurocognitive method proposed

by Perfetti and previously tested with subjects after stroke during supervised

therapy [102, 113]. A sensorimotor exercise is selected since it requires active

recruitment of the long Ąnger Ćexors and does not require motor coordination

of other muscle groups, which might be difficult to perform particularly for

severely spastic patients. The exercise consists of blocks of different difficulty,

each including a training phase and a test phase. In the training phase, three

sponges of different colors, each associated with a different stiffness value, are

displayed to the subject. The user has to squeeze the sponges one by one

and memorize their stiffness. In the time interval between the squeezing of

two sponges, while the subjectŠs hand is relaxed, a position perturbation is

applied at the two Ąnger pads. The training phase is repeated twice (i.e., the
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subject explores each sponge two times), which allows to perturb the patient

hand six times, three fast and three slow in random order. To avoid perturb-

ing the hand too often, perturbations are applied during the Ąrst block and

repeated in subsequent blocks only if these start at least three minutes after

the previous block with perturbations. The blocks with perturbations during

the training phase are deĄned as Şperturbation blocksŤ. In the test phase, one

of the sponges is presented to the subject inside a black box, which does not

allow to see the sponge color. The subject has to squeeze the sponge, perceive

its stiffness and identify its color using the pushbutton keyboard. The relative

stiffness difference between the sponges is deĄned as Weber fraction (i.e., delta

stiffness over reference stiffness of the intermediate sponge). The Ąrst block

of the exercise has the same difficulty for all the subjects, corresponding to a

Weber fraction of 70 %. To reach and maintain a challenging and engaging

difficulty level, the Weber fraction is updated between blocks using Parameter

Estimation by Sequential Testing (PEST) [114], which proposes online changes

in Weber fraction (and therefore a new therapy block) depending on the sub-

ject performance. For this reason, the duration and number of blocks varies

for each subject, while the total exercise duration in one therapy session is

constrained to 12 minutes and the details of the exercise are shown in Figure

6.3. A block i consists of a training phase i and a test phase i. In the train-

ing phase, the subjects have to consecutively squeeze three sponges of different

color and memorize their stiffness. In the training phase of the blocks where

the perturbations were applied, i.e., the perturbation blocks, three fast and

three slow perturbations (thunderbolt icon) are applied when subjects switch

form one sponge to the following and their hand is therefore relaxed. Per-

turbation blocks are at least three minutes apart, meaning that not all the

training phases have perturbations. In the test phase, a random sponge among

the three previously memorized is proposed in a black box. Subjects have to

squeeze it and press the color corresponding to the identiĄed stiffness on the

pushbutton keyboard. One block corresponds to a given difficulty level. All the

blocks have a different duration since the difficulty level (i.e., relative stiffness

difference between sponges) is updated online based on Parameter Estimation

by Sequential Testing.

A pilot study includes a supervised familiarization block (i.e., guided block),

followed by experimental blocks during which the patient independently per-

forms the exercise, while the experimenter observes the session. For the stroke

subjects, the Fugl-Meyer assessment of the upper extremity (FMA-UE) is eval-

uated at the beginning of the experiment, while the ModiĄed Ashworth Scale

(MAS) of long Ąnger Ćexors is evaluated at the beginning of the Ąrst and at

the end of the last block . At the beginning, all subjects underwent the robotic

assessment of the active Range of Motion (aROM). The exercise has a different
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number of blocks for each subject but overall lasts approximately 12 minutes

for everybody.

Figure 6.3: Exercise description and pilot study experimental protocol. *per-
formed only for stroke subjects.

6.2 Pilot study

The pilot study was conducted at ETH Zurich in collaboration with the Uni-

versity Hospital Zurich. Four subjects with spasticity in the hand muscles after

chronic stroke (>6 months) and eleven age-matched neurologically intact sub-

jects (i.e., >50 years old) were enrolled to participate in a single experimental

session. Subjects with stroke were included if they had a ModiĄed Ashworth

Scale (MAS) in the long Ąnger Ćexors greater than or equal to one and residual

ability to lift the arm against gravity. All the subjects were included if they did

not have clinically signiĄcant concomitant diseases (i.e., severe aphasia, severe

cognitive deĄcits, severe pain), did not have suspected non-compliance, drug or

alcohol abuse, and if they were able to give informed consent and understand

two stage commands. The timeline of the study protocol is reported in Figure

6.3.

At the beginning of the experimental session, the Fugl-Meyer assessment for the

upper extremity (FMA-UE) [115] and the robotic assessment of the active range

of motion (aROM) [103] of the hand during opening/closing were performed

to deĄne the level of impairment of the stroke subjects. Neurologically intact

subjects underwent only the aROM assessment. Subsequently, the investigator

instructed the subject on how to interact with the robot and its graphical user
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6.2 Pilot study

interface, and how to perform the exercise during one supervised block. After

a short break, each subject had to independently perform the sponge exercise

for 12 minutes during simulated unsupervised blocks. During this time, the

investigator sat at the back of the room, silently observed the subjectŠs actions

and intervened only in case of risk. The stroke and unimpaired participants

were tested using their impaired or dominant hand, respectively. For the stroke

subjects, the MAS of the long Ąnger Ćexor muscles was assessed at the begin-

ning and at the end of the experimental blocks.

An experienced physiotherapist performed the clinical assessments.

6.2.1 Data Analysis

Homogeneity between groups is assessed with respect to baseline character-

istics, exercise dose (i.e., exercise duration, number of therapy blocks, task

repetitions, therapy intensity) and peak times. To compare baseline charac-

teristics, the two-sample t-test is calculated for continuous variables (i.e., age,

aROM), while the FisherŠs exact test was used for categorical variables (i.e.,

gender, hand dominance, impaired hand). To assess the homogeneity between

groups with respect to exercise dose, the Wilcoxon rank sum test is used for

exercise duration and number of therapy blocks, while the two sample t-test is

used for number of task repetitions and therapy intensity (i.e., number of task

repetitions performed per minute during the test phase). The Wilcoxon rank

sum test is used to compare the peak times between the groups.

To guarantee the assumption that the subjectsŠ hand is at rest at the begin-

ning of the perturbation, and therefore being able to compare our results to the

MAS, all data containing voluntary contractions were not included in the data

analysis. In both groups, a voluntary contraction at the perturbation onset is

present if the baseline grasping force (Fbase) is above one standard deviation of

all the baseline forces of the subject during the exercise. However, for the scope

of this analysis, to account for possible continuous increases in Ąnger stiffness

due to biomechanical reasons (e.g., due to permanent contractures), which are

unrelated to voluntary muscle contraction, we previously detrended with a Ąrst

order Ąt the baseline forces in the participants with chronic spasticity.

The perturbation-induced peak forces were compared in a 2x3 aligned rank

transform for nonparametric analyses of variance (ART-ANOVA) [116] (i.e.,

group x perturbation block, perturbation speed x perturbation block) to ana-

lyze between and within-group differences. Excluding comparisons in baseline

and exercise dose, a Bonferroni correction was applied to the statistical sig-

niĄcance level α = 0.05 in the analyses of the outcome measures, leading to

a p value of 0.0083. Missing data points, due to the presence of voluntary

contractions during the perturbations, were inferred by last observation car-
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ried forward or, if no former value was available, by next observation carried

backward. However, only data up to the termination of the exercise were used,

to respect the time alignment with last MAS assessment, which was performed

right after the termination of the exercise.

6.2.2 Results

For each perturbation p, independently whether it is applied to the springs in

the stiffness identiĄcation experiment or to the human hand in the pilot exper-

iment, are reported the starting position of the perturbation at the onset of the

ramp, the absolute force peak Fpeal achieved in reaction to the perturbation,

and the end-point stiffness k identiĄed at the Ąnger pads (i.e., the estimated

stiffness of the physical spring in the spring experiment or of the combination

of muscle tone and Ąnger biomechanical properties in the pilot experiment).

These parameters allow to fully characterize muscle tone at given perturbation

amplitude (i.e., 20mm) and speed (i.e., slow and fast, with ramp times of 250ms

and 150ms). All the positions and velocities are calculated with the distance

in mm between the Ąngertip of the thumb and of the index Ąnger.

The stiffness k is calculated according to the following Equation 6.1:

kx(p) =
1

a(Fpert(p) − Fbase(p))
(6.1)

where p indicates a single perturbation, x is the perturbation speed (i.e.,

s=slow, f=fast) and a is the amplitude of the perturbation. As shown in Fig-

ure 6.4, Fbase is the baseline grasping force before the perturbation, which is

calculated as the average force over the 50ms before the ramp onset. Fpeak is

the absolute force reaction after the perturbation, which is calculated as the

peak force reached between 50ms before and 50ms after the ramp end. This

time interval was empirically chosen based on the physiological duration of re-

Ćexes and after visual inspection of pilot data, as it is long enough to capture

force changes induced by the perturbation without including voluntary reac-

tions. The appropriateness of this empiric choice is evaluated by reporting the

peak time (i.e., delta time between the perturbation onset and the maximum

force peak achieved during the ramp-and-hold perturbation ). kx and Fpeak

are also evaluated as average over one perturbation block (i.e., average of three

measurements for each perturbation block) to study their evolution over time.

To evaluate the accuracy of the stiffness k identiĄcation and peak force Fpeak

measurement, for the stiffness identiĄcation experiment the Root Mean Square

Percentage Error (RMSPE) is calculated between the known stiffness/force

exerted by the springs and the stiffness/force measured through the robot.
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6.2 Pilot study

Figure 6.4: Representative fast 20mm (thumb to index tip distance change)
ramp-and-hold perturbation from subject two in the stroke group.
In light blue is the 50ms window in which the average baseline
force (Fbase) is calculated before the ramp onset. In blue is the
100ms window in which the maximum force peak induced by the
perturbation (Fpeak) is evaluated.

In the stiffness identiĄcation experiment, through ten fast and ten slow per-

turbations, the RHB identiĄes spring stiffnesses with a RMSPE of 3.8% (per-

centile error between 2.3% and 6.9%) for the soft spring and 11.3% (percentile

error between 9.8% and 12.5%) for the stiff spring. The perturbations were

applied from a baseline position of 75.6(0.6)mm and 80.1(0.4)mm (expressed

as mean(std)), and reached force peaks of 64.7(0.4)N and 97.9(0.3)N, respec-

tively.

In the experimental session, all participants completed the protocol without

adverse events related to the device. Table 6.1 reports the baseline clinical

and demographic characteristics. The two groups were homogeneous in terms

of gender, hand dominance and age, and were signiĄcantly different in terms

of hand impaired/tested (two-tailed FisherŠs exact test, p=0.035) and aROM

(t(15) = 6.901, p < 0.0001). Participants with stroke were severely to moder-

ately impaired at the level of the upper limb in terms of FMA-UE (Woytowicz

et al., 2017) and MAS. In terms of aROM, three of them did not have any abil-

ity to actively extend their Ąngers above the minimum hand distance between

the robot Ąnger pads (i.e., 51mm). Subjects three and four in the stroke group

terminated the exercise earlier (i.e., after 6 and 7.4 minutes, respectively) due
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Table 6.1: Baseline Characteristic. P a values are associated with the FisherŠs
exact test for categorical variables, while the two-sample t-test is
used for continuous variables (independent samples). Abbrevia-
tions: FMA-UE, Fugl-Meyer Assessment of the Upper Extremity
(range 0-66). MAS, ModiĄed Ashworth Scale of long Ąnger Ćex-
ors (range 0-5). aROM, active Range of Motion. * = statistically
signiĄcant result with α = 0.05.

Category Stroke Unimpaired Pa

Gender (Male, Female) 4 M, 2 F 3 M, 8 F 0.162
Hand dominance (Left, Right) 6 R 9 R, 2 L 0.515
Impaired/Tested hand (Left, Right) 1 R, 5 L 9 R, 2 L 0.035∗

Age [years] (mean (std)) 64.3 (9.5) 60.5(6.0) 0.315
aROM[mm] 62.0 (14.6) 114.1(15.0) 0.000∗

Time post stroke [months] (mean(std)) 141.5 (56.7) - -
FMA-UE (mean(std)) 18.7 (9.3) - -
MAS (mean(std)) 3.5 (1.4) - -

to slight pain at the level of the hand, which disappeared right after. For the

same reason, subject Ąve decided to take a short break, which was sufficient to

relax the hand and continue the exercise. Mild hand pain can be generally per-

ceived in highly spastic hands during physical activity and quickly disappeared,

and it is therefore not considered an adverse event related to the device. Due

to the premature exercise termination, for subjects three and four only one and

two perturbation blocks were available, respectively. In the unimpaired group,

subjects two and three terminated the exercise after four and eight minutes

since they felt tired, and therefore had only one and two perturbation blocks,

respectively.

Considering all subjects, the stroke and unimpaired group performed, respec-

tively, 10.5(3.1) and 11.6(3.2) minutes of exercise (U = 108, p = 0.404), 5.2(1.9)

and 6.3(2.2) therapy blocks (U = 111, p = 0.240), 24.3(11.6) and 40.3(12.7)

task repetitions (t(15) = 2.552, p = 0.022) with an intensity of 4.5(1.3) and

6.6(0.9) task repetitions per minute (t(15) = 3.880, p = 0.001). Only the

therapy intensity between the groups was statistically signiĄcantly different.

Among all subjects, the perturbations were applied from a baseline position

of 65.3(5.5)mm. In the stroke group, slow and fast perturbations induced

peak force reactions after 282.6(28.7)ms and 167.4(29.7)ms, respectively. In

the unimpaired group, slow and fast perturbations induced peak force reactions

after 249.0 (115.8)ms and 157.1(89.2)ms. The difference in peak time between

the two groups after slow (Z = 2.7, p = 0.07) and fast perturbations (Z =

1.5, p = 0.132) was not statistically signiĄcant. Table 6.2 and Table 6.3 report

the overall muscle tone estimates (i.e., considering all time points) in terms of

force peak and stiffness results after fast and slow perturbations in the stroke
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Table 6.2: Force peak (Fpeak) results considering all the fast or slow per-
turbations throughout the exercise in the stroke and unimpaired
groups. pa values are associated with the two-sample t-test across
the row/column. Only the fast-slow comparison in the unimpaired
group is performed with the Wilcoxon rank sum test. * = statisti-
cally signiĄcant result with α = 0.0083.

Stroke Unimpaired pa

Fast perturbations (mean (std)) 13.7 (5.6) N 7.9 (7.6) N < 0.0001∗

Slow perturbations (mean (std)) 10.7 (5.6) N 5.5 (4.1) N < 0.0001∗

pa 0.014 0.024

Table 6.3: Stiffness (k) results considering all the fast or slow perturbations
throughout the exercise in the stroke and unimpaired groups.
pa values are associated with the two-sample t-test across the
row/column. Only the fast-slow comparison in the unimpaired
group is performed with the Wilcoxon rank sum test. * = sta-
tistically signiĄcant result with α = 0.0083.

Stroke Unimpaired pa

Fast perturbations (mean (std)) 0.49 (0.21) N/mm 0.35 (0.35) N/mm 0.018
Slow perturbations (mean (std)) 0.38 (0.19) N/mm 0.23 (0.19) N/mm < 0.0001∗

pa 0.014 0.013

and unimpaired group. The force peaks after perturbation were statistically

signiĄcantly different between the groups after both slow (t(133) = 6.158, p <

0.0001) and fast perturbations (t(133) = 4.502, p < 0.0001). No statistically

signiĄcant speed-dependency in the force peaks was present in both the stroke

(t(88) = -2.506, p = 0.014) and unimpaired group (Z = 2.3, p = 0.024). The

stiffness results were statistically signiĄcantly different between the groups after

slow perturbations (t(133) = 4.302, p < 0.0001) but not after fast perturbations

(t(133) = 2.398, p = 0.018). No statistically signiĄcant speed-dependency in

the stiffness results was present in both the stroke (t(88) = -2.510, p = 0.014)

and unimpaired group (Z = 2.5, p = 0.013).

Individual force peak and stiffness results are plotted for all the perturbations

over exercise time in Figure 6.5. Dashed lines represent the line Ąt of single

subjectŠs perturbation results over time. Half of the stroke participants and

seven out of eleven unimpaired participants showed a decreasing muscle tone

trend over time. In both groups, the average steepness of the peak force line Ąt

and stiffness line Ąt are 0.01(0.02) N/s and 0.00(0.00) N/(mm s), respectively.

Vertical dotted lines represent the division in three time-clusters matching the

three perturbation blocks (i.e., blocks, divided by at least three minutes, in

which the perturbations were applied). Peak force and stiffness results aver-

aged per subject and perturbation block are shown in Figure 6.6 with 90%
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conĄdence intervals depending on the perturbation speed and group. Light

grey boxplots represent the difference between the results after fast (gray) and

slow (black) perturbations, and allow to see if there is any speed-dependency in

the results (i.e., no speed-dependency would correspond to zero) and how this

varies over the perturbation blocks. In the stroke group (Figure 6.6.a), the peak

forces after slow and fast perturbations start from a similar range of 11.4(6.8)

N and 14.2(6.4) N at the Ąrst perturbation block, and remain approximately

constant at 11.6(3.9) N and 12.4(3.5) N at the last perturbation block, reaching

a maximum force peak of 21 N. In the unimpaired group (Figure 6.6.b), peak

forces after slow and fast perturbations are lower than the ones of the stroke

group, corresponding to, respectively, 6.3(4.0) N and 8.1(5.4) N at the Ąrst

perturbation block, and at 5.2(3.9) N and 6.8(4.5) N at the third perturbation

block.

In both groups, according to ART-ANOVA, force peaks were not signiĄcantly

different in terms of speed (stroke: F(1,24)=2.741, p=0.1108; unimpaired:

F(1,54)=2.303, p=0.1350) and time/perturbation block (stroke: F(2,24)=0.136,

p=0.8734; unimpaired: F(2,54)=0.680, p=0.5107), without any signiĄcant in-

teraction effect between speed and perturbation block (stroke: F(2,24)=0.655,

p=0.5285; unimpaired: F(2,54)=0.034, p=0.9668). Independently on the speed,

peak forces were statistically signiĄcantly different with respect to the group

allocation (slow: F(1,39)=14.145, P=0.0001; fast: F(1,39)=14.342, p=0.0005)

but not signiĄcantly different over perturbation blocks (slow: F(2,39)=0.449,

P=0.6415; fast: F(2,39)=0.613, P=0.5467), and there was no interaction effect

between perturbation block and group (slow: F(2,39)=0.470, P=0.6286; fast:

F(2,39)=0.297, P=0.7451).
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Figure 6.5: Peak force and stiffness results of individual perturbations over
time in the stroke (a and c, respectively) and unimpaired group
(b and d, respectively). Triangular and squared markers represent
slow and fast perturbations, respectively. The markers are empty
when the perturbation was applied during a voluntary contrac-
tion and was thus replaced by the previous or next perturbation.
Vertical dotted lines represent the division between time clusters
matching the perturbation blocks. Colored dashed lines represent
the line Ąt of the perturbation results over time for the individual
subjects.
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Figure 6.6: Average peak force and stiffness results at the three different per-
turbation blocks in the stroke (a and c, respectively) and unim-
paired group (b and d, respectively). Black and gray lines repre-
sent the results after slow and fast ramp-and-hold perturbations
(20mm, 150ms and 250ms). The light gray dotted line is the dif-
ference between fast and slow results, which represents the trend in
speed-dependency (i.e., zero corresponds to no speed-dependency)
over time.

6.3 Discussions

This chapter presents the development of a robot-assisted therapy exercise for

the hand function that could be independently used by stroke patients with

spasticity in hand muscles, while the muscle tone level in long Ąnger Ćexors

is monitored in passive conditions during grasping tasks. The muscle tone

is assessed automatically using a perturbation-based force estimation method

that measures, approximately every three minutes, perturbation-induced force

peaks and end-point stiffness at the level of the Ąngertips. A pilot experiment

with physical springs allowed to quantify the accuracy in stiffness identiĄca-

tion of the method (and device). A preliminary pilot study was conducted

on severely to moderately impaired chronic stroke patients with spasticity and

94



✐

✐

ŞoutputŤ Ů 2023/2/5 Ů 12:15 Ů page 95 Ů #113
✐

✐

✐

✐

✐

✐

6.3 Discussions

age-matched unimpaired subjects to determine how force reactions and end-

point stiffness vary due to spasticity after stroke.

The stiffness identiĄcation experiment showed that RHB can identify the end-

point stiffness (and forces) of physical springs applied at the Ąnger pads with

errors of 3.8% (maximum <7%) and 11.3% (maximum <12.5%) for a soft and a

stiff spring, respectively. The stiffness estimation of the stiff spring has a higher

error since high end-point forces bend the thin metallic support on which the

Ąnger pads are mounted as well as the thin beam load cells, causing an offset in

the force measurement. These results are anyway encouraging for two reasons.

First, the errors in stiffness identiĄcation are lower compared to other devices

designed for stiffness identiĄcation in human joints, which reported maximum

errors between 15 and 25% [117, 118]. Second, the measurements in the pilot

study demonstrated that the force peaks and the stiffness achieved by unim-

paired and spastic participants are below the force peaks and stiffness of the

soft spring. Therefore, it is possible to assume that the measurements with

participants have, on average, errors below 4% due to the device (while other

sources of error, such as difference in Ąnger placement on the handles while

grasping, are still present and cannot be captured).

The exercise could be independently used by all the subjects without adverse

events in simulated unsupervised settings. Allowing stroke subjects with severe

spasticity to independently perform a robot-assisted sensorimotor therapy exer-

cise is a signiĄcant achievement, as these subjects are usually not included in the

target population of rehabilitation devices. Nevertheless, the subjects tested

in this study were then able to perform the exercise autonomously, despite

their severe impairment. Only two of them stopped the exercise in advance

to do mild pain at the level of the Ąngers, which is frequent and temporary

for subjects with spasticity. This muscle tone estimation method can detect

muscle tone differences between the unimpaired and stroke group, as demon-

strated by the signiĄcant changes in overall force peak and stiffness between

the two groups. The force peaks and stiffness of approximately 11.5N and

0.44N/mm in the stroke group, and of 6.7N and 0.3N/mm in the unimpaired

group match those reported in literature. According to [118], the range of

metacarpophalangeal (MCP) joint stiffness among four different studies with

exoskeletal devices and 27 subjects with chronic stroke and spasticity in long Ąn-

ger Ćexors (MAS between one and four, out of Ąve), varies between 0.09Nm/rad

and 1.13Nm/rad [119Ű121]. Three studies with 17 unimpaired participants, re-

ported a range of 0.01Nm/rad to 0.21Nm/rad [122,123]. Assuming an average

MCP to distal interphalangeal joint distance of 5cm (when proximal and distal

interphalangeal angles are 45° and 20°, and a load applied over four Ąngers,

like in this test scenario with the RHB) [124], these correspond to endpoint

stiffnesses of approximately 0.07N/mm to 0.90N/mm in stroke subjects and
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0.01N/mm to 0.17N/mm in unimpaired subjects.

The proposed method captures speed-dependency in the results in both

groups but, surprisingly, this is not signiĄcant after Bonferroni correction. In

the stroke group, this might be due to the small perturbation amplitude (i.e.,

10mm at the Ąngertip per Ąnger and, approximately, 0.2rad at the MCP), which

is less than half of what is typically used in conventional or robot-assisted tone

assessments [118, 119]. However, this amplitude allows to make the perturba-

tions almost non-noticeable and reduces the risk of overstretching for subjects

with spasticity and a signiĄcantly reduced aROM. The perturbation speeds

used in the test (i.e., 40mm/s and 66.7mm/s, i.e., approximately 0.8rad/s and

1.33rad/s at the MCP) could also limit the ability of the method to capture

speed-dependency in the stretch reĆexes, since they are close to the speeds used

in robotic assessments (e.g., 0.11-5.2rad/s [119]) but very similar to each other.

The analysis of force peaks and end-point stiffness over time/blocks shows that

both the perturbation speeds allow to capture group differences, and the mus-

cle tone level does not vary signiĄcantly over the course of the exercise. There

is limited consensus in literature on the effects of upper limb exercise on muscle

tone. High-dose therapy might contribute to temporarily increase muscle tone,

particularly in spastic patients, due to the increased motor activity or the men-

tal stress associated with intensive therapy. These hypotheses led in the past

to the exclusion of strengthening or high-intensity training from neurorehabili-

tation programs [125], to reduce the risk of long-term negative consequences of

spasticity (e.g., pain, reduced functional ability and recovery) [126]. In this pi-

lot experiment, the high therapy dose to test this hypothesis is not reached and,

on the contrary, the subjects showed either a mildly decreasing trend in muscle

tone or a steady muscle tone. This matches other studies and reviews showing

that upper limb training does not have an effect on spasticity [125,127Ű129] or

mildly reduces muscle tone and co-contraction [130Ű132]. In fact, it has been

suggested that short-term loosening of the joints and a muscle tone reduction

may happen when the Ąngers are stretched more than three times, and in this

exercise, in addition to the six perturbations in the perturbation blocks, the

sponges have a size and a stiffness that slightly stretch the Ąngers of the user

at each task repetition. The results do not correlate with the MAS, however

this is not surprising given the limited reliability of the scale and its differences

in assessment paradigm (e.g., single and lower speed, different range of mo-

tion) [133].

These results are limited by the small sample size tested. The method cannot

disentangle the contribution of (passive) biomechanical changes at the level of

the Ąngers (e.g., muscle contractures, adhesions) and (active) neurological con-

tributions to muscle tone. However, this assessment would require additional

technologies that do not easily suit unsupervised settings (e.g., electromyogra-
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phy), and hypertonia at the level of the hand seems to be mostly neurological

after stroke. These measurements could be dependent on the tested hand,

which was signiĄcantly different between the groups. In fact, RHB cannot cap-

ture force asymmetries between Ąngers and thumb, which might be present in

subjects after stroke [120]. However, this asymmetry might be compensated by

the symmetric motion coupling between the two Ąnger pads in the device and

the stretch reĆex coupling between the Ąngers and the thumb (e.g., a stretch

applied to the Ąngers trigger a force reaction also in the thumb). Future ex-

periments with a larger population could achieve higher therapy dose within

a single session, require higher Ąnger forces in the exercise and include more

than one session, to further investigate the evolution of muscle tone depending

on the exercise intensity over a longer time. Furthermore, different perturba-

tion speeds (i.e., less close to each other) should be tested. The exercise and

method to monitor muscle tone presented in this paper open new avenues for

the use of robotic devices during unsupervised human-robot interactions, also

with severely impaired subjects after stroke. Within a robot-assisted rehabili-

tation program, this method will allow for objective and quantitative (remote)

monitoring of muscle tone changes and prevent potential overtraining. This will

help better understanding how to optimize therapy settings for each patient in

order to prevent pathological increases in muscle tone and maintain the safety

of robot-assisted rehabilitation at high therapy doses, even in an unsupervised

setting.
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Chapter 7

Conclusions

This chapter summarizes the contribution of the thesis and discusses avenues

for future research.

7.1 Summary of contribution

The safety and light weight of the cobots, added to their high precision and re-

peatability, allow their use for rehabilitation practices, with advantages for both

the patient and the operator. Robotic devices can compensate for patientŠs in-

adequate strength and provides a continuous and quantitative feedback of the

therapy. Several contributions can be concluded:

• This thesis Ąrstly reviews and identiĄes the evolution of robotic devices

in rehabilitation processes for the upper limb, describing the existing

working modalities of robots used in the clinic and presenting a new

vision-assisted modality, which includes the use of an artiĄcial vision

system.

• Based on the mathematical model for the human and robotic arms, the

study of kinematics and dynamics of human-robot interaction provides

a preliminary tool for the development of a cobot-therapy in order to

perform training programs customizable to different patients. Kinematic

and dynamic models, in fact, have been developed on the basis of anthro-

pometric proportions, starting form height and total mass of the sub-

ject. The multibody simulations allowed to estimate the human-robot

interaction forces and the robot joint torques required to execute simple

exercises, as circular or back-and-forth motion.

• To create a new framework for cobot-therapy, an optimization algorithm

is deĄned to Ąnd the best location of the cobotŠs base with respect to

the human shoulder in order to confer to the human and robotic arms

a similar kinematic behaviour when the are coupled. The optimization

method is based on a manipulability analysis that quantiĄes the kinematic
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affinity between the robotic arm and the human one by means of the index

that derives from the comparison of the velocity ellipsoids of the two arms.

The aim was to create a system in which no constraint of velocity/force

of the machine limits the ability to carry out rehabilitation exercises of

various kinds.

• The design and development of the two functional handle systems allows

to create human-robot gripping systems which are customizable and com-

fortable for the upper limb movements, allowing arm stability during the

human-robot motion.

• The novel framework for robot-assisted rehabilitation practices was tested

on healthy and on subjects with neuro-muscolar disorders. The tested

exercise aimed to train neurological patientsŠ ability to follow simple tra-

jectories (e.g., lines) towards a target without deviating from the shortest

path. The program has been developed to make the robot accomplish two

basic tasks: to help the subject running the linear trajectory towards the

target, and to hinder possible deviations from that path by means of an

elastic pull-back force.

The goal of the Ąrst exercise tested was to move the handle, which was

provided with a pointer, towards an object (which serves as a target)

whose position is dynamically recorded by the smart camera. In the sec-

ond exercise, instead, the subjects handled the robot trying to grasp a

cylindrical target randomly placed on a workbench. In both tests, the

subjects completed the tasks and experienced the use of an industrial

cobot for the rehabilitation of the upper limb. It was possible to monitor

the executed trajectories and the forces applied by each subject to provide

quantitative feedback on the therapy. The experimental tests conĄrms

that the exercises were sufficiently simple and non-stressful.

These tests were also intended to evaluate how the volunteers and thera-

pists react to the presence of a cobot in rehabilitation practices. There-

fore, looking at the results, it can be concluded that this robotic system

was well accepted by both.

• In the last chapter, the thesis focuses on the rehabilitation of the hand.

The contribution was to monitor the muscle tone of the hand during

robotic therapy through an online perturbation-based method. The tested

exercise was independently used by all the subjects without adverse events

in simulated unsupervised settings. The errors in stiffness identiĄcation

are lower compared to other devices designed for stiffness identiĄcation

in human joints and the measurements in the pilot study demonstrated

that the force peaks and the stiffness achieved by unimpaired and spastic

participants are below the force peaks and stiffness of the soft springs.
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The analysis of force peaks and end-point stiffness over time/blocks shows

that both the perturbation speeds allow to capture group differences, and

the muscle tone level does not vary signiĄcantly over the course of the

exercise.

This thesis propose different solutions to innovate the rehabilitation treat-

ment for the motor recovery of patientsŠ upper limbs using a typical industrial

cobot. The investigation of advanced mechatronic systems promotes the devel-

opment of new rehabilitation protocols, aimed at overcoming the limitations of

traditional therapy and exploiting the latest technologies to facilitate therapy

for patients and therapists. On the other hand, given the intensive regime of

the robot-assisted therapy, it may contribute to temporarily increase muscle

tone and spasticity. Therefore, the online method to monitor carefully the

handŠs muscle tone can open new avenues for the use of robotic devices during

unsupervised human-robot interactions.

7.2 Future works

This thesis paves the way for cobot-assisted therapy integrated with an artiĄcial

vision system. The use of advanced technologies innovates the rehabilitation

process and provides quantitative feedback.

The Ąrst pilot study, which was conducted at the neurorehabilitation clinic,

provided insights for future developments. The ergonomic 3D-printed handle

designed with the pointer on the bottom surface was in some cases difficult for

the patient to see. Some changes are mandatory, although the handle was com-

fortable and easy to grip. Another aspect is the development of the gamiĄcation

of the therapy. In this way, the subject is more involved in the therapy and

personal goals can help in continuous improvement. In the second pilot study,

instead, the handle did not create any problems, as irritation or discomfort,

and all subjects could easily grasp the object placed on the workbench. Future

development will be testing the grasping-exercise on neurological patients to

restore the proprioceptive abilities, to help patients in performing repetitive

movements and to restore their muscular activity in the arm and in the Ąngers.

For the online method developed to monitor muscle tone, future experiments

with a larger population are appropriate in order to achieve a higher dose

of therapy in a single session, applying greater Ąnger force in the exercise

and including more than one session, to further study the evolution of muscle

tone according to exercise intensity over a longer period of time. In addition,

different perturbation rates (i.e. less close together) should be tested.
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