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Abstract

According to the World Health Organization, approximately 15% of the world’s population
has some form of disability. Therefore, objective assessment and subsequent tailored reha-
bilitation treatments become crucial in decreasing patients’ level of disability. A promising
solution to achieve this goal is to bring advanced technologies, such as robotic devices, into
clinical settings and apply them as routine assessment and rehabilitation tools. However,
standardized and quantitative measures are still lacking despite the well-known advantage of
using robotic devices. The most accepted and used assessment methods in clinical settings
are manual scales. Indeed, manual assessments are preferred to any other measurements
since they require very little time to set up and often do not involve equipment. Nevertheless,
such scales have several limitations, such as low reliability and sensitivity.

From an extensive study designed to identify the use and quantify the validity of robotic
assessment in the clinical setting, we realized that one of the missing parts was the lack
of objectivity in assessing the spasticity condition. Spasticity affects many patients with
neurological disorders. It can drastically impair their voluntary motor control, limiting their
independence and making difficult their activities of daily living. Therefore, a quantitative and
reliable measurement of spasticity can play a crucial role in defining the best rehabilitation
protocol and subsequent monitoring of patient progress and therapeutic efficacy. Among
other things, spasticity involves exaggerated stretch reflex responses and abnormal increases
in muscle tone. In this context, we implemented a protocol on a robotic device that was able
to record quantitative measures and be easily transferred to the clinical setting. In particular,
we developed a novel protocol to assess the mechanical impedance of the wrist in response
to precise position-controlled perturbations provided by the robot. The primary objectives of
the protocol were to standardize the process of assessing the wrist’s biomechanical properties
and minimize measurement variability. Because variability in measurements can depend
on several factors, such as grip force and the occurrence of muscle fatigue, we added to the
implemented protocol the ability to consider both of these variables during the assessment
session. Furthermore, we cared to propose such a protocol that was also feasible in the
clinical setting.
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In the first part of the dissertation, we tested the implemented protocol in a healthy
population. We verified its reliability and built a large reference dataset of the biomechanical
properties of the wrist under different experimental conditions to allow subsequent com-
parisons with patients. Subsequently, in the second part, we collected data on a clinical
population, and despite the difficulties in recruiting patients during the pandemic, the clinical
feasibility was very promising. Among others, one of the advantages of this protocol lies
in its duration: it lasts about 5 minutes, including recording the grip force exerted during
the assessment session and detecting the onset of fatigue. Furthermore, special attention
was given to the WristBot throughout the dissertation. The robot, derived from a research
prototype, has been entirely re-engineered to be nearly ready for transfer into the clinical
setting.



Table of contents

List of figures vii

List of tables xi

Nomenclature xii

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Dissertation structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

I Background 7

2 Anatomy and biomechanics of the human wrist 8
2.1 Wrist anatomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Biomechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Models of muscle mechanics . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Biomechanical properties of the wrist . . . . . . . . . . . . . . . . 13

2.3 Stretch reflexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Wrist pathology and traditional evaluations 18
3.1 Common wrist injuries . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Clinical scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.1 Modified Ashworth Scale . . . . . . . . . . . . . . . . . . . . . . 21
3.2.2 Modified Tardieu Scale . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Biomechanical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Electrophysiological methods . . . . . . . . . . . . . . . . . . . . . . . . . 26



Table of contents v

4 Robotics: rehabilitation and innovative evaluations 28
4.1 Robotics for upper extremities . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1.1 Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.2 Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

II Wrist biomechanical properties assessment protocol 35

5 The assessment protocol 36
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.2 Methods: experimental setup and protocol . . . . . . . . . . . . . . . . . . 37
5.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.3.1 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.3.2 Validation of the protocol . . . . . . . . . . . . . . . . . . . . . . . 41
5.3.3 Estimation of the mechanical impedance of both robotic device and

human hand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3.4 Other measurements . . . . . . . . . . . . . . . . . . . . . . . . . 44

6 Effects of grip force, perturbation velocity, handedness on the biomechanical
properties of the wrist 46
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7 Implication of forearm muscle fatigue on the wrist biomechanical properties 65
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.2 Preliminary study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

7.2.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 67
7.2.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
7.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.3 Main study: wrist functional changes after fatigue . . . . . . . . . . . . . . 72
7.3.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 73
7.3.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



Table of contents vi

8 Stretch reflexes analysis 85
8.1 Stretch reflex analysis of the fatigue task . . . . . . . . . . . . . . . . . . . 85

8.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
8.1.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 86
8.1.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
8.1.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
8.1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

8.2 Stretch reflex analysis of expected vs unexpected perturbations . . . . . . . 90
8.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
8.2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 91
8.2.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
8.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
8.2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

III Translation into the clinical context 99

9 Biomechanical properties in a post-stroke population: a pilot study 100
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
9.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
9.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
9.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
9.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

IV Conclusions 111

10 Final Discussion 112
10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
10.2 Summary of the contribution to knowledge . . . . . . . . . . . . . . . . . 113
10.3 Limitations & future works . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Publications 118

Appendix 120

References 130



List of figures

2.1 The muscles of the superficial layer of the anterior (Panel A) and posterior
(Panel B) group of the forearm. Extracted by [186]. . . . . . . . . . . . . . 10

3.1 Short-latency reflex behaviour in passive and active muscle:
Stretch reflex activity in healthy people (Panels A and B) and patients with
spasticity (Panels C and D) at rest (Panels A and C) and during voluntary
muscle contraction (Panels B and D). Arrows indicate whether the mecha-
nism is decreased or increased during contraction compared to the resting
condition. Extracted by [64]. . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1 Side view of WristBot during a movement in the combined direction of
flexion-extension and pronation-supination (Panel A: extracted by [116]).
A picture of the Wristbot showing the improvements introduced during my
PhD years, namely the grip force sensor wrapped on the robotic handle with
the VELCRO®strings and the forearm blocker (Panel B; a photo taken during
the experiment described in the Chapter 6). . . . . . . . . . . . . . . . . . 33

5.1 An example of the angular displacement (A), velocity (B), and acceleration
(C) signals of a perturbation delivered in the extension direction with a
subsequent rest time of 2500 ms. For the perturbation in extension, the
angular displacement started from -0.17 rad in flexion toward 0.17 rad in
extension with a duration of 150 ms. . . . . . . . . . . . . . . . . . . . . . 39

5.2 Repeatability of torques delivered by the robot averaged over subjects (gray
lines) and divided by direction: extension (Panel A) and flexion (Panel B).
The black line represents the average of the torques delivered over time. . . 43



List of figures viii

5.3 The representation of the body in the standard anatomical position (A). The
center of mass of the right hand is located along the z-axis (B). The principal
axes of the hand (C) coincide with the reference axes when the hand is
aligned as shown in panel (A). The figures were extracted by [192]. . . . . 44

6.1 A schematic representation of the participant, bipolar electrode placement,
and robot position in the experimental setup. An example of the visual
feedback of grip force shown to subjects via a virtual bar displayed on the
screen in front of them. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.2 Mean muscle activity [%MVE] of extensor carpi radialis (ECR) (left) and
flexor carpi radiali (FCR) (right). Black and gray lines represent RH and LH
group, respectively. Mean ± std. ***, statistically significant, p < 0.001. . . 53

6.3 Recorded signals of a subject for a sequence of 56 trials performed dur-
ing the experimental condition combining slow perturbations (100°/s) and
40% MVC grip. The top three subplots show the time course of angular
displacement (A), velocity profile (B), and acceleration profile (C) of the
perturbations (thin: measured values; thick: mean value). The bottom two
subplots display the power of the curve fitting of the model-estimated torque
profile (red line) on top of the measured torque profiles (grey lines) (D) and
the time-course of the discrepancy between these two torque profiles (E). . 54

6.4 The trend of the decline of the sEMG mean frequency (MF) of ECR and
FCR (blue and red, respectively) throughout the experiment protocol in the
RH group. The MF values were normalized to the corresponding baseline
MF performed on the first day of experimentation. These data were averaged
on the entire population, and the standard deviation (shaded area) is provided.
The horizontal line represents the 25% threshold used in this work to detect
the onset of fatigue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.5 Grip force data averaged over subjects and over time during the experimental
condition combining fast perturbations and 60% MVC Grip. Data are viewed
over a time span extending from 200 ms before the start of the perturbation to
300 ms after the end of the perturbation. The duration of fast perturbations is
130 ms. The graph shows the bar at 60% MVC Grip Force as it was shown to
participants: the percentage of the required grip to be held with its tolerance
range (±2%) was confined to the green area. The vertical lines identify the
duration of the fast perturbations. . . . . . . . . . . . . . . . . . . . . . . . 57



List of figures ix

6.6 K [Nm/rad] calculated across the different velocity conditions at fixed grip
conditions (SS Grip [∼ 4% MVC Grip], 40% and 60% MVC Grip Force in
the left, center and right panels, respectively). These data belong to the RH
group. The red, green, and blue boxplots identify the experimental conditions
at fast, medium, and slow perturbations. . . . . . . . . . . . . . . . . . . . 59

6.7 K [Nm/rad] averaged across different perturbation velocities and calculated
at different grip conditions (SS Grip, 40% and 60% of MVC Grip Force).
These data belong to the RH group. ***, statistically significant, p < 0.001. 60

6.8 K [Nm/rad] computed in both RH (red) and LH (blue) groups across different
grip conditions considering the velocity of the perturbations (fast, medium,
slow represented in the left, center, and right panels, respectively). . . . . . 61

7.1 The schematic representation of the experimental protocol. In the fatigue
task, vertical lines identify the haptic walls perceived by the subjects. . . . . 69

7.2 MF percentage values of FCR, during flexion (Panel A) and of ECR, during
extension (Panel B) in each trial of the fatigue task, in both test and retest

sessions (Subject 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.3 The schematic representation of the experimental protocol. Both sessions

(SMECH and SPERC) were performed by each subject on two different days in
a random order. In both sessions, the warm-up session and the fatigue task
were repeated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.4 Mean and standard deviation of the sEMG results of the three recorded
muscles. For each subject, MF (Panel A) and RMS (Panel B) calculated for
each flexion movement were resampled over 100 points and presented as a
percentage of their maximum. . . . . . . . . . . . . . . . . . . . . . . . . 78

7.5 Mean and standard error of the K calculated in flexion (yellow) and extension
(blue) directions. K significantly decreased from PRE to all post-fatigue
assessment sessions, showing a more significant decrease in flexion than in
extension direction. Significant results (p < 0.05), after post-hoc analysis,
were marked with "*". . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7.6 Mean and standard error of the B calculated in flexion (yellow) and exten-
sion (blue) directions. B in flexion significantly decreased from PRE to
all post-fatigue assessment sessions (the significant results after post-hoc
analysis, marked with "*", refer to the B in flexion: yellow line), whereas B

in extension showed a tendency to increase (non-significantly) after fatigue. 80



List of figures x

8.1 Mean and standard error of muscle activity of each muscle stretched by the
perturbation: FCR (Panel A), FCU (Panel B), ECR (Panel C). For each figure,
muscle activity is reported for R1 (short-latency reflex): 20-45 ms (blue line),
R2 (mid-latency reflex): 45-75 ms (grey line), R3 (long-latency reflex):
75-105 ms (yellow line). After post-hoc analysis, significant differences
(p < 0.05) in muscle activity for each temporal epoch compared with PRE
assessment were marked with “*”. . . . . . . . . . . . . . . . . . . . . . . 89

8.2 The muscle activity of the stretch reflexes of the six forearm recorded muscles
under the Unexp and Exp experimental conditions across the chosen temporal
epochs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

8.3 The onset times of the stretch reflexes of the six forearm muscles under the
Unexp and Exp experimental conditions. . . . . . . . . . . . . . . . . . . . 96

8.4 The values of stiffness (Panel A) and viscosity (Panel B) in the expected
(Exp) and unexpected (Unexp) experimental conditions differentiated by the
direction: extension (blue line) and flexion (yellow line). . . . . . . . . . . 97

9.1 K [Nm/rad] estimated in flexion (Panel A) and extension (Panel B) directions.
The grey, red, green, and blue boxplots correspond to healthy subjects (HS),
P01, P02 and P03, respectively. * indicates statistically significant, p < 0.001. 107

9.2 The correlation plots: PRWE scores and stiffness values (Panel A); FxL
scores and stiffness values (Panel B). Stiffness values were estimated in the
flexion (KFLEX ) and extension (KEXT ) directions displayed in red and blue,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



List of tables

3.1 Patient-Rated Wrist Evaluation. Extracted by [161]. . . . . . . . . . . . . . 22
3.2 Functional levels of hemiplegia scale. Extracted by [84]. . . . . . . . . . . 23
3.3 Modified Ashworth Scale. Extracted by [24]. . . . . . . . . . . . . . . . . 24
3.4 Modified Tardieu Scale. Extracted by [28]. . . . . . . . . . . . . . . . . . . 25

6.1 Average grip force data [%MVC] during 200 ms before the delivery of the
perturbation in the three grip conditions (SS Grip, 40% and 60% MVC), for
both hands (right hand: RH, left hand: LH). . . . . . . . . . . . . . . . . . 51

6.2 Goodness-of-fit (r2) between model-generated and experimental torque pro-
files, evaluated for all subjects in the RH group in the nine experimental
conditions. Results are divided by the direction of the perturbation. . . . . . 55

6.3 Average grip force [%MVC] computed at three different stages of pertur-
bations (G0: during 200 ms before the perturbation onset; ∆G: during the
perturbation; G f : from the end of perturbation to 300 ms after the perturba-
tion) in the 40 and 60% MVC conditions. . . . . . . . . . . . . . . . . . . 57

6.4 Stiffness parameter [K: Nm/rad] for the RH group in the nine experimental
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.5 Viscosity parameter [B: Nms/rad] for the RH group in the nine experimental
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

9.1 Patients details: age [years], aROM along the FE direction [degrees], dom-
inant vs affected hand [R:right hand], years since stroke and scores from
different clinical scales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

9.2 Stiffness parameters [K: Nm/rad] estimated in the flexion and extension
directions for the three post-stroke patients. . . . . . . . . . . . . . . . . . 106



Nomenclature

Acronyms / Abbreviations

ADLs Activities of Daily Living

ANOVA ANalysis Of VAriance

aROM active Range Of Motion

AS Ashworth Scale

B Viscosity Parameter

CCI Muscle Co-contraction Index

DOFs Degrees Of Freedom

FE Flexion - Extension

ECR Extensor Carpi Radialis

ECU Extensor Carpi Ulnaris

ED Extensor Digitorum

FCR Flexor Carpi Radialis

FCU Flexor Carpi Ulnaris

FDS Flexor Digitorum Superficialis

FxL Functional Levels of Upper Extremity Hemiplegia

HS Healthy Subjects

I Inertia Parameter



Nomenclature xiii

K Stiffness Parameter

LH Left Hand

LLR Long-Latency Reflex

LSA Least Square Approximation

MAS Modified Ashworth Scale

MF Mean Frequency

MLR Mid-Latency Reflex

MT S Modified Tardieu Scale

MVC Maximum Voluntary Contraction

MV E Maximum Voluntary Excitation

PS Pronation - Supination

pROM passive Range of Motion

PRWE Patient-Related Wrist Evaluation

r Pearson Correlation

RUD Radial - Ulnar deviation

RH Right Hand

RMS Root Mean Square

SD Standard Deviation

sEMG Surface Electromyographic Activity

SLR Short-Latency Reflex

SMECH Biomechanical Properties Evaluation Session

SS Self-Selected Grip

UMNS Upper Motor Neuron Syndrome



Chapter 1

Introduction

1.1 Motivation

According to the World Health Organization, approximately 15% of the world’s population
has some form of disability [196]. Therefore, objective assessment that directs tailored
rehabilitation treatments becomes a crucial factor in decreasing their level of disability. A
promising solution to achieve this goal is to bring advanced technologies, such as robotic
devices, into clinical settings and make them routine assessment and rehabilitation tools. The
potential of robotic application has been highlighted decades ago [248], and particularly in
the last decade, there has been an exponential increase in the use of robotic devices in clinical
settings [169].

Advanced robotics combined with neuroscience has provided the rehabilitation industry
with the opportunity for massive training, and cognitive engagement, both of which are crucial
factors for successful rehabilitation [258]. More specifically, the combination of robotic
tasks with virtual reality environments provides the subject with an enriched experience.
This condition requires increased attention from patients, which maximizes their cognitive
engagement, stimulates active voluntary participation, and ultimately neuroplasticity [56]. In
addition, robotic devices can provide personalized interventions depending on the severity
of the impairment. Indeed, they can be programmed to move the affected limb in different
modalities, such as passive, assisted, resistive, active, ...

In addition to the development of rehabilitation interventions, robotic devices can be used
to assess human performance before, during, and after specific therapy and quantitatively
monitor improvements in rehabilitation treatment. The advantages of using robotic assess-
ment protocols lie in exploiting the objectivity and robustness inherent in robotic devices
[219]. Indeed, in most cases, robotic devices consist of high temporal and spatial resolution
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components, implying more robust, monitored and repeatable experimental conditions over
multiple subjects and time points. Robotic devices can also be interfaced with other external
devices to expand the set of quantifiable variables (e.g., physiological, kinematic, and kinetic
data). All this allows an almost complete characterization of the user’s performance and the
detection of any improvements following rehabilitation treatment [148]. However, despite
the advantages of using robotic devices, the most accepted and used assessment methods in
clinical settings continue to be clinical scales. Clinical scales have many limitations, such
as low reliability and sensitivity, highlighting a lack of standardized, quantitative measures
[16, 145, 230]. Despite these drawbacks, physical therapists still prefer these manual scales
to any other measurement because they are generally faster and do not require sophisticated
systems or technology.

With this dissertation, we sought to help fill the lack of quantitative measures in the
clinical setting. Starting with a study that allowed us to quantify the use and validity of robotic
assessment in the clinical setting, we identified a lack of objectivity in assessing the spasticity
condition. Therefore, we devoted my entire PhD project to the design and subsequent testing
of a method that could be used to quantitatively assess the level of spasticity in the wrist
joint.

Spasticity is a motor symptom associated with damage to the brain, spinal cord, or motor
nerves. It affects a large percentage of patients with neurological disorders such as cerebral
palsy, multiple sclerosis, stroke, and traumatic brain or spinal cord injury [257]. It can
dramatically impair voluntary motor control, making activities of daily living challenging and
limiting independence [146]. Although its clinical phenomenology is clear, it is still poorly
defined and evaluated [166]: its assessment relies on clinical scales consisting of manual tests
of resistance to stretch movements. These clinical scales have been shown to be unreliable
and strongly influenced by the operator’s abilities [2]. In this perspective, a more quantitative
and reliable measurement of spasticity could be crucial for a proper assessment of the
impairment, thus helping to define a more appropriate rehabilitation protocol and, ultimately,
monitoring the patient’s progress and therapeutic efficacy. Assuming that spasticity implies
an exaggerated stretch reflex and an abnormal increase in muscle tone [195], we developed an
innovative protocol for assessing the mechanical impedance of the wrist in response to precise
perturbations provided by the robot. Starting from the mechanical impedance that relates
the resulting torques to the imposed motion, we estimated the three main biomechanical
parameters of the wrist joint, namely inertia, viscosity, and stiffness.

In the state-of-the-art, other work has attempted to implement robotic evaluation protocols
to assess the mechanical impedance of the wrist. However, with this dissertation, we sought
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to overcome some limitations of previous studies. First, we developed position-controlled
perturbations rather than force-controlled perturbations. Indeed, we wanted to standardize
the delivery procedure by fixing the velocity and studying the effects on mean wrist torque.
In addition, we strove to design a protocol that delivered mechanical perturbations faster
than those used in most published studies; this was critical because we wanted to extract the
intrinsic component of the wrist. Indeed, following slow perturbations, we cannot exclude
the presence of the neural component, especially in neurological populations.

Throughout this dissertation, particular attention was given to the robotic device used
to administer this protocol. I assisted and contributed to its transformation from a research
prototype to a wholly redesigned robot ready to be transferred to the clinical setting. The
device has the advantage of being equipped with a grip sensor wrapped around its robotic
handle that allows recording the grip force exerted by the subjects during the assessment
protocol. In previous studies on the assessment of biomechanical properties of the wrist joint,
the measurement of grip force has never been evaluated. Specifically, other variables related
to grip force, such as muscle activation, have been naturally considered, but grip force has
never been directly assessed. By recording grip force, we were able to ask subjects to grasp
the handle at percentages other than their maximum grip force or to hold it with a natural
posture and calculate, in post-processing, the percentage held.

One of our protocol requirements was to ask subjects to grip the robotic handle with a
natural gripping posture. Thus, our subjects were not fully relaxed, a condition often found
in previously published articles. We chose to ask for a natural gripping posture because
we wanted to simulate situations as close to everyday life as possible and measure the
biomechanical properties of the joint under those conditions. Interestingly, the ability to
monitor grip force can be advantageously translated to clinical settings where patients with
abnormal muscle tone cannot independently adjust their grip. Thus, its quantification could
help define their impairment.

For these reasons, the goal of this dissertation was to design a standardized robotic
protocol to quantitatively assess the biomechanical properties of the human wrist joint while
minimizing variability in the measurements. Often, this variability can be due to the different
way the subject grasps the handle and the influence of muscle fatigue induced during the
execution of the protocol. In the first phase of my project, we tested the feasibility of the
protocol in a healthy population. In addition, in order to create an extended reference dataset,
we estimated their biomechanical properties and associated muscle stretch reflexes under
different experimental conditions. Subsequently, we collected data from a clinical population;
although the sample size is limited due to the difficulties in recruiting patients during the
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pandemic, the clinical feasibility and acceptability of the protocol are very promising. Among
other things, both the use of a robotic platform that is no longer an experimental prototype and
the overall duration of the assessment method allows the protocol to be easily transferable to
clinical settings. Specifically, the protocol lasts approximately 5 minutes, including recording
the grip force exerted during the session and the ability to identify the onset of fatigue. The
short duration is critical in the clinical setting, as the more straightforward and faster the
assessment session is the better. This protocol could be the first step in bringing objective
assessment of spasticity into real-world clinical settings.

1.2 Research questions

After defining the purpose and motivation for this research project, the following are the
main questions that motivated the works of this dissertation:

RQ1. How are robotic devices currently used in the clinical population, and what objective
assessments are lacking in clinical settings?

RQ2. How can the mechanical impedance approach be adapted to our robotic device to
estimate the biomechanical properties of the human wrist joint? Is it possible to design
a standardized protocol and minimize the variability of its measurements?

RQ3. How do the biomechanical properties of the human wrist joint of a healthy population
and the stretch reflexes of the involved muscles change under different experimental
conditions?

RQ4. Is the proposed robotic assessment protocol feasible in a clinical population and well
accepted by patients with neurological disabilities?

After reviewing the entire literature on robotic technologies in the clinical setting, we
identified methods of assessing spasticity as a topic of interest for this dissertation. Since
there was no systematic review on the use of robotic devices in the pediatric population,
we reviewed the existing literature on robot-assisted rehabilitation protocols for the upper
extremities in the pediatric population. This study aimed to evaluate the validity of robotic
assessment and investigate the impact of robotic treatment on the sensorimotor recovery
process in children. Moreover, this study allowed us to address RQ1. by leading to an
analysis of the robotic assessment techniques implemented in the clinical setting and the
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robots employed. As a result of our research, we found only a few studies in which robotic
devices measured wrist joint spasticity. This study turned into a systematic review and
resulted in a published work [75].

To address RQ2. and RQ3., we designed a protocol to calculate the mechanical impedance
of the wrist joint and extract its biomechanical properties. The protocol was tested and vali-
dated in a healthy population under different experimental conditions [74, 76]. Specifically,
we thoroughly investigated the relationship between the biomechanical properties of the
wrist and the different grip levels recorded by the grip sensor embedded in the robotic
handle. The ability to record grip force during joint biomechanical assessment represents
a novelty in the state-of-the-art. There are no previous studies directly investigating this
relationship. In addition, we investigated biomechanical properties in other experimental
situations that could be easily translated to activities of daily living: at different velocities
and types of perturbation, before and after a fatiguing task [4], and in the dominant versus the
non-dominant hand. We chose these conditions because they may substantially impact the
clinical context. In particular, information about fatigue and the grip force level maintained
during the assessment session could help make the measurements less variable and more
complete and stable.

Finally, RQ4. was addressed through a collaboration with the Department of Kinesi-
ology in the Faculty of Applied Health Sciences at Brock University (Niagara Region, St.
Catharines, Canada), where I spent three months for my study abroad period. As reported
previously, patient recruitment was limited by the pandemic; in fact, we could only collect
data from three patients with post-stroke. However, we tested the feasibility and acceptance
of the implemented protocol in both hardware and methodological aspects. Indeed, among
other things, we were sure that the device on which the protocol was implemented was a
well-designed platform, easy to assemble and ready to be transferred to a clinical setting.
Thus, it was no longer a prototype used only for experimental conditions, like most robotic
devices reported in the literature to evaluate spasticity.

1.3 Dissertation structure

This dissertation consists of 10 chapters. It begins with Section I (Background), which
presents a brief overview of:

1. the physiological perspectives of the human wrist joint (Chapter 2)
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2. the traditional assessment methods used to evaluate upper extremity impairments,
particularly the condition of spasticity (Chapter 3)

3. the current use of robotic devices for upper limbs in clinical settings, focusing specif-
ically on the robotic device used in all the studies performed and presented in this
dissertation (Chapter 4)

Section II presents the core of this dissertation - the protocol design for evaluating the
mechanical impedance of the wrist with the respective experiments. In detail, Chapter 5
describes the design, implementation, and validation of the experimental protocol. Chapter 6
presents how different levels of grip force, perturbation velocities, and handedness can affect
the wrist biomechanical properties in a healthy population. Chapter 7 shows the influence
of a fatigued state on the biomechanical properties and how they recover over time. Chapter
8 presents two studies that investigated the stretch reflexes that occurred after the delivery
of external perturbations delivered by the robot. The first looks at how stretch reflexes in
three forearm muscles are altered following a fatigue task. The second compares the stretch
reflex responses of six forearm muscles when subjects underwent expected and unexpected
perturbations.

Section III presents the implemented wrist biomechanical assessment protocol translation
to clinical settings. In particular, Chapter 9 describes the findings on three patients with
post-stroke, analyzing each of them as individual case studies. Finally, Chapter 10 concludes
the dissertation with a summary of what has been achieved and provides future research
directions based on the accomplishments made during this dissertation.



Part I

Background



Chapter 2

Anatomy and biomechanics of the human
wrist

2.1 Wrist anatomy

Upper extremity movements are crucial elements of daily life, and our sensorimotor system
can easily coordinate complex movements. However, the underlying computational complex-
ity required to perform upper limb tasks successfully has challenged many researchers in
recent decades. Indeed, the complexity of upper limb joints and forearm muscles reflects the
wide range of functions they can perform. Consequently, numerous studies were conducted
over the past few decades, leading to the advancement of innovative upper-limb robotic
devices [116].

Among the joints of the upper limbs, the wrist joint, controlled by the forearm muscles,
has an extraordinary range of motion [250]. Wrist movements are functionally critical
because the wrist is at the end of a kinematic chain, and thus its control is critical for
limb accuracy in most tasks. For example, in tasks that require accurate actions, such as
pointing, reaching, and pushing, humans tend to reduce the source of inaccuracy by choosing
appropriate arm postures that stiffen all degrees of freedom of the arm except the wrist [53].
Because of the importance of the wrist joint and our choice to study it, we will discuss its
anatomical and biomechanical elements in the following sections.

Structure and muscles of the forearm

The forearm is the region of the arm between the elbow and the wrist. The forearm includes
two bones: the ulna, located medially, and the radius, which runs parallel to the ulna along
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the lateral side of the elbow. The interosseous membrane, which connects these two bones,
holds them together. The interosseous membrane and intermuscular fibrous septa separate
the forearm into two compartments: an anterior compartment containing the flexor muscles
and a posterior compartment containing the extensor muscles. In both compartments, twenty
muscles act together to move the elbow, forearm, wrist, and fingers of the hand. They can
be classified as intrinsic or extrinsic [186]: the intrinsic muscles pronate and supinate the
radius and ulna to move the forearm. In contrast, the extrinsic muscles flex and extend the
fingers of the hand. The brachioradialis muscle crosses the elbow joint, passing from the arm
to the wrist and aiding in elbow flexion. The primary actions of the wrist muscles are in the
movement of the hand and fingers. All these muscles are characterized by having a belly in
the proximal part of the forearm and long tendons passing through the wrist (see Fig. 2.1).

The muscles of the anterior group are the wrist flexor muscles that allow flexion move-
ments. The most superficial muscles are the flexor carpi radialis (FCR), flexor carpi ulnaris
(FCU), and palmaris longus (PL). They originate predominantly from the medial epicondyle
of the humerus, known as the common flexor tendon (as shown in Fig. 2.1-Panel A). The
flexor carpi radialis and flexor carpi ulnaris insert the bases of the second and fifth metacarpals,
respectively [251]. The flexor carpi radialis is responsible for wrist flexion and radial de-
viation, with modest elbow flexion and forearm pronation contributions. The flexor carpi
ulnaris is responsible for wrist flexion and ulnar deviation and minor contributions to elbow
flexion. The flexor digitorum superficialis (FDS) crosses the wrist through the carpal tunnel
and inserts at the proximal interphalangeal joint at the middle phalanx base from the second
to the fifth finger.

On the other hand, the muscles of the posterior group act as wrist extensor muscles that
allow extension movements. Most of the superficial muscles of the posterior compartment,
such as extensor carpi radialis brevis (ECRB), extensor carpi radialis longus (ECRL), extensor
digitorum (ED), extensor digiti minimi, and extensor carpi ulnaris (ECU), arise from a
common extensor tendon that is the lateral epicondyle of the humerus (as shown in Fig. 2.1-
Panel B). The extensor carpi radialis longus and brevis are attached to the proximal portion
of the second and third metacarpals, respectively. The extensor digitorum tendons run under
the extensor retinaculum and divide to attach to the extensor caps of the middle and distal
phalanges from the second to fifth fingers. The extensor digiti minimi runs alongside the
extensor digitorum and inserts into the extensor cap of the fifth finger.

Although extensors and flexors are antagonistic muscles, there are instances where pairs
of antagonistic muscles act together to perform a specific movement; for example, ECR acts
synergistically with FCR to deviate the wrist radially, and ECU acts synergistically with FCU
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Figure 2.1 The muscles of the superficial layer of the anterior (Panel A) and posterior (Panel
B) group of the forearm. Extracted by [186].

to move the wrist along the ulnar deviation. However, it should be mentioned that in both
forearm compartments, there are deeper [51] muscles that this study will not explore.

Wrist joint

The wrist joint, also known as the radiocarpal joint, is a distal synovial condylar joint of the
upper extremity that connects and serves as the connecting point between the forearm and
hand. Its purpose is to provide the range of motion necessary for the functional use of the
hand while maintaining a physiological level of stability [73].

The skeletal structure of the wrist includes eight carpal bones, collectively referred to as
the carpus. The trapezium, trapezoid, capitate, and hamate bones form the distal row of the
carpus, while the scaphoid, lunate, triquetrum, and pisiform bones form the proximal row.
The proximal and distal rows of the carpus form the midcarpal joint. The arrangement of the
carpal bones does not allow much movement between the bones. However, the sliding of the
carpal bones promotes finer wrist movements and a greater range of motion [44]. The carpus



2.2 Biomechanics 11

forms the wrist joint by joining the two bones of the forearm (ulna, radius). The distal end
of the radius articulates with three bones in the proximal row forming the radiocarpal joint.
While toward the palm, the carpus connects to the metacarpals. Each metacarpal connects
to the individual fingers through small bones called phalanges, and the fingers can flex and
extend using the metacarpophalangeal joints.

A dual-layered articular capsule surrounds the wrist joint, which is a common feature of
all synovial joints: the outer fibrous layer attaches to the radius, ulna, and carpal bones, while
the inner layer develops a synovial membrane, which secretes synovial fluid and lubricates
the joint.

Four ligaments stabilize the wrist joint: the palmar and dorsal radiocarpal ligaments
and the ulnar and radial collateral ligaments [73]. The palmar radiocarpal ligament is the
strongest supporting structure, connecting the radius to the proximal and distal rows of
the carpal bones. The dorsal radiocarpal ligament is similar to the palmar ligament but is
located on the dorsal side of the wrist joint. In addition to stability, the palmar and dorsal
radiocarpal ligaments ensure that the hand and forearm move in unison during supination and
pronation. The radial collateral ligament connects the radial styloid process to the scaphoid
and trapezium bones. In contrast, the ulnar collateral ligament connects the ulnar styloid
process to the triquetrum and pisiform bones. The collateral ligaments provide stability by
preventing excessive lateral displacement of the joint.

The complex articulation of the human wrist allows two degrees of freedom (DoFs):
flexion and extension, adduction and abduction [153]. However, because the wrist is critical
in forearm pronation-supination movements, generally, this is attributed to the wrist as a third
DoF [120]. Although there is a significant amount of variation between subjects, normal
ranges of motion of the wrist joint are considered to be: 85-90° of flexion (F), 75-80° of
extension (E), 15-20° of radial deviation (R), 35-37° of ulnar deviation (UD), and 90° of both
supination (S) and pronation (P) [51].

2.2 Biomechanics

2.2.1 Models of muscle mechanics

The first model designed to explain muscle mechanics and still widely used is the macroscopic
model proposed by Hill [106]. In his experiment, the researcher measured changes in the
strength and length of isolated muscles of a frog exposed to rapid isotonic releases. He first
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formulated an equation that described the dynamics of muscle contraction as a function of
load:

(F +a)v = b(F0 −F) (1)

where F is the muscle force, v is the velocity of muscle contraction under the load F , F0 is
the maximum isometric force generated in the muscle, and a and b are the Hill parameters,
i.e., the dynamic constants of the muscle. Hill showed that the relationship between F and v

is hyperbolic in isotonic contractions. Therefore, the greater the load applied to the muscle,
the lower the contraction velocity, and vice versa.

He demonstrated that the contractile properties of the muscles behaved as a passive
viscoelastic system. More specifically, the mechanical response of the muscle was represented
using a three-element muscle model [122, 259]. The model consists of a contractile element
(CE) and two nonlinear spring elements, one in series (SEC) and the other in parallel (PEC).
The active force of the contractile component of the muscle depends on the interaction
between actin and myosin cross-bridges. Whereas the series and parallel components
contribute to passive force generation in muscles: the PEC represents the passive force
of connective tissues, distributes forces during passive stretching and keeps muscle fibres
aligned; the SEC represents the tendons and elasticity of myofilaments and stores elastic
energy that will be released during muscle contractions [90, 172]. Thus, the contractile
component of the muscle is surrounded by connective tissues that have an impact on muscle
force generation.

The muscle force generation F is a combination of both active and passive components;
in particular, the forces in the contractile element FCE , in the series FSEC and parallel FPEC

are related as follows:

F = FPEC +FSEC (2)

FCE = FSEC (3)

Later, a new model describing muscle mechanics was proposed by Huxley [115]. It
consisted of a biophysical model of the dynamic interaction between actin and myosin, which
accurately represents muscle contraction at the molecular level. The model explains the
time course of the distribution of the fraction of attached cross-bridges (n) over their binding
length (x):
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∂n
∂ t

−u
∂n
∂x

= f (x)− ( f (x)+g(x))n (4)

f (x) and g(x) are the attachment and detachment rate functions, respectively. The variable
u is the velocity of the actin and myosin filaments and is linearly dependent on the velocity
of the contractile element [152].

Huxley et al. demonstrated that the mechanical properties of muscles are due to the
interaction between actin and myosin. Specifically, the head of the myosin filament forms an
elastic bond or cross-bridge with the actin filament that can be attached or detached. When
the muscle is activated, a cross-bridge is created connecting actin and myosin, leading to
the generation of a force that shortens the actin-myosin complex and then detaches from the
actin filament. This cycle repeats as long as the muscle remains activated. The generation
of these cross-bridges allows the actin filaments to slide relative to the myosin filaments.
Therefore, the mechanical properties of muscles are given by the sum of the actions of
their filaments. The force and stiffness of muscle fibres depend on binding sites on actin
filaments where myosin can attach and on the movements of the actin-myosin complex.
However, cross-bridges can detach for undesirable reasons, such as overstretching, leading to
a subsequent decrease in force and stiffness.

2.2.2 Biomechanical properties of the wrist

When external perturbations change the position of a limb, restorative forces develop that
oppose the movement and return the limb to its original position [143]. These restorative
forces arise from the viscoelastic properties of the muscles, stretch reflex mechanisms, and
possible voluntary intervention. The viscoelastic properties generated by angular displace-
ments are complex to measure because they depend on many structural components. First,
synergistic muscles can be activated in a single joint, and the resulting torque is given by
the vector sum of the torque produced by each muscle. Next, both agonist and antagonist
muscles intervene when a joint is moved. Indeed, joint viscoelasticity is affected by both the
shortened cross-bridges in agonists and the resistive forces of the lengthened cross-bridges
in antagonists. However, one way to study how a system deals with angular perturbations
is to analyze the relationship between limb angular displacements, and the corresponding
applied torques, often referred to as mechanical impedance [143]. In response to passive
motion, mechanical impedance has both static and dynamic components, i.e., the inertial,
viscous, and elastic components. The inertial component of the impedance depends on the
mass of the system and provides resistance to motion proportional to the acceleration of
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that motion; the viscous component resists motion in proportion to velocity, and the elastic
resistance to motion is proportional to the displacement of the limb. Assuming that the mass
of the limb does not change during a movement and that the configuration of the limb does
not change with respect to the centre of rotation of the joint, the moment of inertia around a
single joint can be assumed constant. Thus, the inertia of a single joint can be considered
constant, and the inertial force in response to the acceleration of the imposed motion is both
constant and immediate. Displacement of the limb generates force responses due to the
viscoelastic properties of the cross-bridge mechanisms and the connective tissues. Therefore,
these biomechanical properties are instantaneous because they are generated as soon as the
limb is moved. In contrast, the force responses of stretch reflexes are delayed because of the
time required to conduct neural impulses through the neural pathways [218].

It has been shown that one method of modulating the mechanical impedance of a joint,
without changing the corresponding torque, is by co-contraction of the antagonist and agonist
muscles acting in that joint [184, 198]. Several studies reported that joint viscosity and
stiffness increase with co-contraction [108, 143, 183]. The central nervous system can
exploit these methods to help stiffen and increase the stabilization of the wrist in response to
environmental instabilities [58, 184, 197].

Because the viscoelastic characteristics of the wrist joint dominate wrist movements
[39, 41], knowledge of these characteristics becomes essential to understanding how humans
perform coordinated rotational wrist movements [88, 65]. The viscoelastic properties of
joints are both nonlinear because they depend on the viscoelastic properties of the muscles,
which are nonlinear, and scalar because they are given by the sum of the elastic and viscous
properties of each muscle acting on that joint. The literature reports several techniques used
to estimate the viscoelastic properties of the wrist joint in terms of step torque perturbations
[183, 184, 229], step position displacements [58, 65, 151, 199], ramp and hold displacements
[60, 131], sinusoidal amplitude displacements [100], and stochastic perturbations [114, 125,
225].

Joint stiffness coefficient

The joint stiffness coefficient K is defined as the ratio of the torque ∆τ acting on the linearized
joint mechanical model to its angular displacement ∆θ from equilibrium [126]:

K =
∆τ

∆θ
(5)
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Mechanical stiffness of joints includes three components that have different origins and
can vary independently of each other. They are the elastic properties of noncontractile tissues
(passive stiffness), the elastic properties of attached cross-bridges (intrinsic stiffness), and
the reflex activation of a muscle as a result of length change (reflex stiffness).

In vivo conditions, joint stiffness can be estimated either at the resting joint (passive
joint stiffness) or at the active joint (active joint stiffness). Passive joint stiffness is the
resistance to stretching in the absence of muscle activity, often monitored in real-time by the
sEMG system confirming low muscle activity. Specifically, during passive joint stiffness
assessment, subjects are asked to relax as much as possible, and in most cases, gravity is
compensated by the robotic device. One of the main findings of passive wrist joint stiffness
is its anisotropy [65, 88], i.e., it has been shown that there are "pathways of least resistance"
that the neuromuscular system can exploit to avoid redundancy. Indeed, the neuromuscular
system compensates for passive stiffness by rotating the joint along the direction of the
greatest minor stiffness. This axis of minor stiffness in the 2 DOF wrist plane was found to
be slightly rotated counterclockwise with respect to the flexion-extension direction [88]. On
the other hand, active joint stiffness is becoming increasingly important because the joint
stiffness associated with active muscle contraction can explain the control of human posture
and movements. In most studies of active joint stiffness, subjects have been asked to maintain
constant background torque and avoid a voluntary response to external perturbations - a
condition termed "do not intervene". This condition ensures the suppression of voluntary
interventions and allows studying only the contributions of the reflex activity and intrinsic
muscle properties to joint stiffness [31]. Most studies that examined both types of wrist joint
stiffness (passive and active) found that active joint stiffness was consistently greater than
passive joint stiffness [58, 131]. Notably, passive stiffness values of the wrist joint measured
in a narrow range of motion, i.e., near the neutral position of the joint, are very low. Whereas
they increase markedly near the limits of the range of motion, where the stretched muscles
are activated through stretch reflex mechanisms and the joint can no longer be considered
passive.

Furthermore, studies involving the estimation of active joint stiffness in the human
wrist have shown that joint stiffness is linearly dependent on joint torque [58, 60, 131] and
decreases nonlinearly with displacement amplitude [60, 100]. Indeed, in the initial phase of
deformation (up to 2% of the physiological change in muscle length), the muscle is thought
to resist displacement more, behaving like an elastic spring (short-range stiffness: SRS), and
then, after the elastic limit, it loosens developing a more viscous behaviour [60]. In addition,
it has been shown that wrist stiffness values are asymmetric, i.e., strongly dependent on the
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direction of displacement. Specifically, wrist stiffness values assessed along the radial-ulnar
deflection direction are the greatest, and wrist stiffness measured along extension is more
significant than that measured in the flexion direction for those assessed along the flexion-
extension direction [88]. Finally, joint stiffness is viewed as both a load to be compensated
for by motor control and a fundamental mechanism of the control itself, for example, within
the framework of the equilibrium point hypothesis and impedance control [23, 78].

Joint viscosity coefficient

The joint viscosity coefficient B of a linearized joint mechanical model is defined as the ratio
of the torque τ required to maintain a given rotation speed θ̇ :

B =
τ

θ̇
(6)

Few studies have systematically measured the viscosity parameter of the wrist joint.
However, as shown by previous research on human ankle dynamics, joint viscosity parameters
are related to the mean applied torque [114, 252]; in particular, as shown for stiffness,
viscosity values increase as torque increases, although more slowly than stiffness parameters,
i.e., they vary as the square root of the mean torque. This result was presented for the
wrist joint in two studies: an experimental condition in which subjects were asked to
perform voluntary movements [184] and a study in which subjects experienced displacement
perturbations in the FE direction of the wrist. In the latter study, the increase in viscosity was
observed only for the largest displacement amplitude [131]. This finding assumes that the
perturbation response for small displacement amplitudes is governed by short-range stiffness,
resulting in very low viscosity related to cross-bridges. Indeed, it has been shown that for
perturbations of small amplitudes, the resistance of the cross-bridges can be attributed only
to the stiffness component [85].

2.3 Stretch reflexes

Stretch reflexes consist of a wide variety of rapid responses to mechanical perturbations and
occur faster than voluntary reaction time [220]. Because mechanical perturbations frequently
occur during activities of daily living, having these rapid responses that can compensate
for most disturbances becomes necessary for proper motor behaviour and maintenance
of balance [50]. The central nervous system must first sense to respond to a mechanical
disturbance. This process of perturbation detection is attributed to muscle spindles, which
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are proprioceptors present in most skeletal muscles with primary and secondary endings,
Ia and II afferents, respectively. Ia afferents play an essential role in the generation of
stretch reflexes: they can signal any change in muscle length, thus detecting even small
displacements and leading muscles to respond to stretching. In general, in human upper
limbs, stretch reflex responses occur approximately 20 ms after the onset of mechanical
disturbance [138]. Muscles and connective tissues provide resistance to movement during the
time interval between the onset of displacement and the onset of stretch responses because of
their biomechanical properties and current activation state.

Stretch reflexes are classified into two classes based on the timing of muscle activity: short-
and long-latency responses that occur 20-50 and 50-100 ms after a mechanical perturbation,
respectively [156]. Short-latency reflexes are thought to counteract the disturbance and return
the limb to its original position. Short-latency reflexes are likely generated exclusively by
spinal circuits for two main reasons [220]. First, they occur so quickly that there is no time
to traverse longer pathways to reach the neural cortex, and second, they are less flexible than
long-latency reflexes. This flexibility has been studied by researchers who instructed the
subjects of their experiments to both "not intervene" and "resist" mechanical perturbations
[101]. This study showed that the short-latency reflex did not change as a function of verbal
instructions, whereas the long-latency reflexes did [217]. Indeed, because long-latency
responses involve both the cerebral and neural cortex and the spinal cord, they exhibit many
features of voluntary control: they were found to be sensitive to environmental constraints
and capable of integrating new motor actions learned during voluntary movement [163, 228].



Chapter 3

Wrist pathology and traditional
evaluations

This chapter provides an overview of typical disorders affecting the human wrist joint,
focusing on the condition of spasticity. The advantages and disadvantages of the methods
used in the clinical setting for evaluating the upper extremity function will be discussed. In
particular, we will highlight the techniques for the clinical evaluation of upper extremity
spasticity. These assessment approaches will be listed in three groups: clinical scales,
biomechanical, and electrophysiological [21]. While in the following chapter, we will
discuss the use of robotic devices for the upper extremities.

3.1 Common wrist injuries

Wrist injuries are very common; they can be caused by a single traumatic event or repetitive
loading activities [204]. Wrist injuries are often difficult to diagnose due to the complex
anatomy of the wrist and hand [55]. Therefore, a good understanding of the anatomy and
biomechanics of the hand and wrist is essential to provide an accurate diagnosis.

The following are some of the most prevalent wrist injuries and disorders [81]:

• Carpal tunnel syndrome, which occurs when a nerve running from the forearm into the
palm is compressed at the wrist

• Ganglion cysts, which are non-cancerous lumps or masses

• Gout, which is a kind of arthritis caused by the storage of uric acid in the joint

• Fractures (broken bones)
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• Osteoarthritis, which is the most common type of arthritis and is caused by the joint
wear

• Sprains and strains, which are injuries to ligaments and muscles or tendons, respectively

• Tendinitis, which is an inflammation of a tendon caused by overuse

Since spasticity is also one of the most common wrist disorders, we will discuss it in
detail in the following section.

Spasticity: a joint-related disease

Spasticity is one of the most commonly observed phenomena following upper motor neuron
system injury [253]. The incidence of spasticity is not precisely known, but it is estimated
that over 12 million people worldwide are affected [237]. Spasticity is a motor disorder
characterized by a velocity-dependent increase in muscle tone due to an exaggeration of
the stretch reflex induced by abnormal processing of sensory input in the spinal cord [245].
The loss of descending inhibitory control causes the exaggeration of spinal proprioceptive
reflexes [201]. Fig. 3.1 presents the comparison of stretch reflex responses in healthy and
spastic people. Specifically, in healthy people (Fig. 3.1, Panels A and B), the activity of
the stretch reflex is low at rest (Panel A), which is due to low excitability of spinal motor
neurons, low muscle-mandrel sensitivity, low rate of afferent Ia discharge, and significant
presynaptic inhibition (Ib and Ia reciprocal inhibition). During voluntary muscle contraction
(Panel B), motor neuron excitability, muscle spindle sensitivity, and afferent Ia discharge
increase, but presynaptic inhibition decreases. As a result, stretch reflex activity is high. In
people with spasticity (Fig. 3.1, Panels C and D), presynaptic inhibition is already reduced
at rest (Panel C), and stretch reflex activity is already high. These parameters do not alter
much during voluntary muscle contraction (Panel D), and stretch reflex activity is not much
different from that at rest [64].

Clinically, this increase in muscle tone leads to the velocity-dependent resistance of a
passively stretched muscle [146] and is a common consequence of injury at any level of
the corticofugal pathways-cortex, internal capsule, brainstem, or spinal cord, responsible
for the upper motor neuron syndrome (UMNS). It can affect a large percentage of patients
with neurological injuries, such as spinal cord injury (SCI), multiple sclerosis, stroke, and
acquired brain injury (ABI) [165]. In particular, spasticity affecting the upper extremities can
range from mild to very disabling. The affected muscles can be overactive and cause joint
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stiffness that leads to a general loss of dexterity, thereby limiting independence in activities
of daily living [19]. The most common configuration of a spastic upper extremity includes a
flexed elbow and clenched fist, with a pronated forearm and flexed wrist [127].

The abnormal muscle tone and stiffness associated with spasticity represent a significant
disability for patients. Because the first phase of therapy they receive after an injury is related
to the progression of spasticity over time [97], the use of quantitative approaches that can
accurately assess spasticity becomes crucial.

Figure 3.1 Short-latency reflex behaviour in passive and active muscle:
Stretch reflex activity in healthy people (Panels A and B) and patients with spasticity (Panels
C and D) at rest (Panels A and C) and during voluntary muscle contraction (Panels B and
D). Arrows indicate whether the mechanism is decreased or increased during contraction
compared to the resting condition. Extracted by [64].

3.2 Clinical scales

Qualitative clinical scales are the most widely accepted and used assessment methods in
clinical settings. The administration of these clinical scales involves a series of tasks, tests,
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and questionnaires to patients and the assignment of a score proportional to their performance.
Limitations of these assessments relate to the non-complete objectivity of the measure and
their dependence on the experience and expertise of the professional figure administering
the method [12, 2]. In addition, these scales have been shown to have low-resolution [116]:
patients are often assigned a score that does not fully describe their clinical condition, and
especially with the resolution scale, improvements remain undetected, resulting in patients
being assigned the same score for a long time [231]. In addition, clinicians consider clinical
scales too complex and time-consuming, hindering the initiation of treatment and thus the
importance of early rehabilitation [175].

The following are some of the most commonly used scales in clinical research for
assessing upper limb functions [14]:

• Disabilities of the Arm, Shoulder, and Hand (DASH): a 30-item self-report ques-
tionnaire designed to assess musculoskeletal disorders and measure upper extremity
disability [112]

• Michigan Hand Outcomes Questionnaire (MHQ): a patient-rated questionnaire de-
signed to evaluate several health state domains experienced by patients with hand
disorders [45]

• Upper Extremity Function Scale: an 8-item scale that examines the functionality of a
person while performing activities of daily living [213]

• Patient-Related Wrist Evaluation (PRWE): a 15-item questionnaire designed to measure
wrist pain and disability in activities of daily living (see Table 3.1; [161])

• Functional levels of upper extremity hemiplegia (FxL): an observational scale to
evaluate the levels of hemiplegia (see Table 3.2). It has been widely used to examine
the efficacy of rehabilitation therapy on upper extremity motor dysfunction in pediatric
populations [84, 109, 222].

Regarding spasticity, this condition is also measured by semi-quantitative clinical scales.
These scales assess limb resistance to passive stretching movements, and the most commonly
used are the modified Ashworth Scale and the modified Tardieu Scale.

3.2.1 Modified Ashworth Scale

The Modified Ashworth Scale (MAS) is by far the most widely used clinical scale for
measuring spasticity. During administration, the clinician passively moves the patient’s
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Table 3.1 Patient-Rated Wrist Evaluation. Extracted by [161].

Domain Questions

PAIN
Pain at rest
When doing a task with repeated wrist movement
When lifting a heavy object
When it is at its worst
How often do you have pain?

FUNCTION
Turn a door knob using the affected hand
Cut meat using a knife in the affected hand
Fasten buttons on my shirt
Use the affected hand to push from a chair
Carry a 10lb object in the affected hand
Use bathroom tissue with the affected hand

USUAL ACTIVITIES
Personal care activities (dressing, washing)
Household work (cleaning, maintenance)
Work (job or usual everyday work)
Recreational activities

limb by following a specific path at a constant speed. During the assessment, the clinician
notes any resistance to movement and rates it using an ordinal scale [38]. The MAS is an
improvement of the Ashworth scale (AS) [13] and includes five ordinal levels (0,1,1+,2,3,4)
instead of the four contained in the original AS (0,1,2,3,4). The 1+ score introduced in the
MAS evaluates any minimum resistance throughout the passive movement, not just at the
end of the movement range, marked instead with 1 (Table 3.3).

Although the MAS suffers from a large inter-rater variability, it has been shown to
have acceptable inter-rater reliability in testing spasticity in the upper limbs, but not in the
lower limbs [233]. However, to further lower the inter-rater variability, it is required that
the examiner has received adequate training to perform the assessment and that the same
examiner performs the tests for a specific investigation. Another disadvantage of this clinical
scale is the lack of accurate information about the velocity and range of motion used in the
assessments. Indeed, because spasticity is a velocity-dependent disorder, the velocity at
which passive movements are performed becomes critical to effectively assessing the disorder.
In conclusion, this clinical scale measures resistance to passive movements as a result of a
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Table 3.2 Functional levels of hemiplegia scale. Extracted by [84].

Class Description

0 Does not use Does not use

1 Poor Passive Assist Uses as stabilizing weight only

2 Fair Passive Assist Can hold objects placed in hand

3 Good Passive Assist Can hold objects and stabilize for use in other hand

4 Poor Active Assist Can actively grasp object and hold it weakly

5 Fair Active Assist Can actively grasp object and stabilize well

6 Good Active Assist
Can actively grasp object and manipulate it against
other hand

7 Incomplete Spontaneous
Can perform bimanual activities easily and
occasionally uses the hand spontaneously

8 Spontaneous Use-Complete Uses the hand completely independently

combination of the biomechanical properties of the joint and the hyperactive stretch reflex,
and thus is unable to differentiate between the two components [9, 15].

Previous studies have shown that this scale has a weak association with outcomes of
reflex-related parameters [15, 232], whereas it shows a stronger association with objective
measures of resistance to passive movements [123, 201]. Therefore, while both MAS and
AS can be used as clinical scales of muscle tone to passive movements, they are not the best
tool for tracking the progression of spasticity or treatment [9].

3.2.2 Modified Tardieu Scale

The Modified Tardieu Scale (MTS) considers the speed dependence of spasticity and thus
is often suggested as a more suitable method for measuring spasticity than the Modified
Ashworth Scale [102]. Specifically, Tardieu and his colleagues first proposed the concept
of a "spastic reaction" as a muscle reaction caused by passive stretching of a limb segment,
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Table 3.3 Modified Ashworth Scale. Extracted by [24].

Score Description

0 No increase in muscle tone

1 Slight increase in muscle tone, manifested by a catch and release or by
minimal resistance at the end of the range of motion (RoM)

1+ Slight increase in muscle tone, manifested by a catch, followed by a
minimal resistance throughout the remainder (less than half) of the RoM

2 More marked increase in muscle tone through most of the RoM, but the
affected part is easily moved

3 Considerable increase in muscle tone, passive movement is difficult

4 Affected part is rigid

depending on the velocity/acceleration of the passive stretch [241]. They stated that three
velocities are required to assess spasticity: one slow, below the threshold that elicits the
stretch reflex, and two fast, above the threshold needed to trigger the stretch reflex.

When administering the assessment, the clinician passively moves the patient’s limb
following a specific path with three different velocities: V1, as slow as possible; V2, a passive
drop of the limb under the influence of gravity; V3, as fast as possible. In general, V1 is used
to measure the passive range of motion (pROM , referred to as R2), whereas V2 and V3 are
used to assess spasticity and specifically, to identify the catch angle, referred to as R1 (Table
3.4; [28]). The relationship between R1 and R2 is very informative and is used to estimate
the relative contribution of the neural mechanism (spasticity) and soft tissue mechanical
strength. Specifically, a significant difference between R1 and R2 indicates the presence of a
large dynamic component and a greater chance of improvement after treatments. In contrast,
a minimal difference suggests a fixed contracture with less chance of improvement [188].

Both scales mentioned above are simple to administer, with the MTS providing greater
interrater reliability than the MAS [3]. Despite improvements over MAS, the reliability of
MTS has been shown to be inadequate for clinical use [2]. Indeed, both these measurements
are insufficient to quantify the velocity-dependent relationship and cannot detect small
changes in spasticity [180]. Despite these drawbacks, most of our current knowledge of
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Table 3.4 Modified Tardieu Scale. Extracted by [28].

Score Description

0 No resistance throughout the course of the passive movement

1 Slight resistance throughout the course of the passive movement,
with no clear catch at precise angle

2 Clear catch at precise angle, interrupting the passive movement,
followed by release

3 Fatigable clonus (<10 seconds when maintaining pressure)
occurring at precise angle

4 Infatigable clonus (>10 seconds when maintaining pressure)
occurring at precise angle

spasticity comes from research that has examined spasticity using these clinical scales, thus
basing their findings on the measurement of the stiffness of a joint [43, 221].

3.3 Biomechanical methods

Objective measurement methods are increasingly used in the assessment of spasticity to
overcome clinical scale limitations. For example, isokinetic dynamometers are often used
to assess spasticity at the wrist, and their validity and reliability have been demonstrated in
several studies [25, 35, 62, 77], showing greater reliability as the velocity of perturbations
increases [63]. In addition to these instruments, some studies have used other tools to
administer repeatable controlled perturbations and log accurate measurements. Indeed, these
tools have the enormous advantage of standardizing perturbation velocities and amplitudes,
with the ability to characterize the velocity-dependent feature of passive motion resistance.
In the following studies, researchers attempted to estimate the passive motion joint resistance
at different stretching velocities, quantifying torques and their velocity sensitivity.

Pisano et al. performed an investigation of spasticity assessment in a clinical population
using a computer-controlled torque motor and torque sensor [209]. The study delivered
high-velocity 50° angular displacements along the wrist flexion/extension direction and
recorded passive motion resistance. They investigated neurophysiological and biomechanical
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measurements and concluded that the latter, including joint stiffness and stretch reflex, had
more promising results than neurophysiological measures. Indeed, the wrist flexors’ analysis
showed a strong correlation between MAS and wrist stiffness assessed at high velocity and
a low correlation between MAS and spasticity quantified by sEMG. In contrast, Pandyan
et al. used a force transducer and a flexible electrogoniometer to quantify spasticity in a
stroke population at the elbow joint in flexion/extension direction [200]. They reported a
poor correlation between elbow resistance to passive movement and MAS. Furthermore, they
found that the impaired arm had greater resistance to passive movements than the unimpaired
arm (a finding later confirmed in their follow-up study [202]) and that resistance decreased
as repetitions increased. Indeed, repeated movement or stretching is known to alleviate tone
temporarily. However, both of these studies concluded that a combination of sEMG signals
and biomechanical measures could help define a better clinical picture of spasticity [209].

Malhotra et al. also tested perturbations along the flexion/extension direction of the
wrist using a force transducer, a flexible electrogoniometer, and sEMG sensors 2008. Stroke
patients were tested with two uncontrolled velocities of passive stretching, one relatively
slow and the other faster. They measured the muscle activation and the stiffness as the slope
of the resistive force versus the displacement. The results showed no correlation between
stiffness values and MAS, whereas stiffness differed significantly in slow and fast velocity
conditions. In addition, the sEMG results showed more subjects as spastic than those attested
by MAS. Therefore, this study concluded that electrophysiological measurements are very
informative for quantifying spasticity. The latter finding was also reported in another study
that investigated passive motion resistance of the spastic elbow joint in a clinical population
[212].

Other studies have used instruments for quantitative measurement of resistance to passive
displacement for the lower limbs (e.g., knee [149], ankle [185, 260]). In one specific study,
researchers were able to discriminate the two components in mechanical resistance to passive
movements in terms of reflexive and nonreflexive components [260]. However, despite the
great potential of these techniques, there has been a notable lack of comparative studies
involving age-matched controls [254].

3.4 Electrophysiological methods

As mentioned in the previous paragraph, a promising method to fully characterize the spastic
syndrome could be the combination of electrophysiological signals with biomechanical
techniques. Several electrophysiological methods have been used to understand better the
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integrity of the control pathways underlying activation of the stretch reflex. Specifically,
these assessments include signals from recording surface electromyographic activity (sEMG)
and electrical stimulation of the peripheral nerve supplying the muscle under examination
(H-reflex, M-wave). Specifically, when a nerve is stimulated, the first response is the M-reflex,
which directly activates the alpha motor neuron (α-MN) to the stimulation, resulting in initial
contraction. Subsequently, as a result of stimulation of the primary afferent nerve, the H reflex
is produced, and thus a second brief contraction occurs [164]. Any change in the amplitude
of these signals could be interpreted as a change in spinal excitability. However, their use is
limited primarily because these signals are highly dependent on certain conditions: the initial
position of the limb and how relaxed it is, as well as the intensity of the stimulation [124].
Generally, to normalize this variability within a subject and estimate the response of the
entire motoneuron entity, the ratio of the reflex response (H-reflex) to the maximum possible
response (H-max) is used. This ratio has also been found to be ineffective in estimating the
condition of spasticity, thus demonstrating that the neural aspect of spasticity alone fails to
fully quantify the impairment [174].

On the other hand, sEMG signals have been used both to study muscle activity occurring
during passive stretching movements and to identify the threshold for the onset of the stretch
reflex. These measurements have shown high test-retest reliability [147]. One of the main
findings of sEMG measurements studies is that, at rest, the amplitude of the stretch reflexes
in a spastic population is more significant than that presented in a matched-age healthy
population [194]. However, although sEMG responses increase with increasing velocity
of stretching movements, and thus spasticity quantified by sEMG measurements is more
pronounced at high velocity [49], no clear correlation was found between sEMG responses
and standard clinical scales [235]. This result could be attributed to the limitations of the
clinical scales or the large variability of sEMG responses between subjects. We conclude that
even knowledge of a possible exaggeration of phasic sEMG responses alone is insufficient to
describe the complex clinical condition of spasticity [21].

In conclusion, a systematic review of biomechanical approaches used in clinical settings
found that the most effective method for quantifying spasticity is performing controlled
passive displacements at different speeds and amplitudes while monitoring resistance and
sEMG signals [254].



Chapter 4

Robotics: rehabilitation and innovative
evaluations

Assessment protocols administered using robotic technologies are complementary to the
traditional assessment techniques mentioned in the previous chapter [227]. Because only tra-
ditional assessments have been ascertained in the clinical setting, both assessment techniques
must be combined to provide a complete picture of the patient’s clinical situation. A robotic
technology used in the clinical setting refers to any mechatronic device with some degree
of intelligence that can physically intervene with patients, optimizing and improving their
sensorimotor recovery and providing accurate measurements. Specifically, in the clinical
settings, they are used [116]:

1. to assess sensorimotor functions

2. to rehabilitate motor disabilities by re-training the human brain

Robotic devices have embedded technology to objectively and accurately measure motion
kinematics (i.e., limb trajectories) and kinetics (i.e., forces involved). Both are helpful infor-
mation for deriving other measures related to upper limb function [47]. Robotic technologies
fall into two main categories based on the type of physical human-robot interaction they
involve: end-effector devices or exoskeletons [162].

On the one hand, end-effector devices are robotic devices with specific interfaces that
mechanically connect only the distal portion of the human limb, e.g., the wrist joint. Only
the distal portion of the body connected to the device can be directly monitored and recorded,
while information about other body regions must be extracted indirectly. In general, the
hardware configuration of these robots is user-friendly and provides high levels of safety
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[57]. Indeed, these robots do not require a specific setting, and all people involved in the
process (e.g., patients, physicians) can share the same environment.

On the other hand, exoskeletons are robotic devices that mimic the kinematics of the
human limb: they have a mechanical structure that mirrors the skeletal structure of the
human limb. Therefore, the movement of the device joint is directly related to the movement
of the corresponding human joint. Exoskeletons can be classified into two configurations:
fixed or added [57]. The first configuration consists of robots attached to the ground via a
solid base and an adjustable arm. Usually, they are installed in a room, and although their
manipulation can be complicated at first, they manage to provide accurate measurements. In
contrast, added exoskeletons consist only of the adjustable arm. The main disadvantage of
exoskeletons is that they are wearable, so there is a greater likelihood of causing physical
damage to the already injured arm, often with no chance of release. The main advantage is
their morphology: they allow for a greater range of motion than end-effector systems and
thus greater portability and accuracy.

The following sections will present an overview of how robotic devices are used to
assess and rehabilitate the upper extremities in clinical settings. Furthermore, an in-depth
description of how robotic devices are used for upper extremity spasticity will be provided.

4.1 Robotics for upper extremities

Although robotic devices and protocols used for the lower limbs are an equally relevant
aspect of robotic rehabilitation and evaluation, we will only focus on using robotic devices
for the upper limbs. This choice is due to two main reasons: first, the publication of work on
the upper limbs is much more limited than that of the lower limbs, and second, the joint of
interest in this dissertation is the wrist.

The upper extremities provide mobility, precision, and dexterity, so their integrity is
essential to the functions of daily living. Partial or complete motor impairments can be
rehabilitated through optimal treatments, and the choice of optimal therapy is a consequence
of the appropriate assessments. This explains why quantitative assessments play an essential
role in treatment design. However, evaluation becomes essential at the initial stage of
choosing the treatment to be followed and throughout the rehabilitation program to monitor
any progress.
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4.1.1 Assessment

The primary purpose of quantitative assessment is to improve the effectiveness of reha-
bilitation therapy. Indeed, quantitative data collected by robots have a high sensitivity in
detecting minor improvements over time and, therefore, can provide a deep understanding
of the process of recovery from motor impairment [134]. Robotic technology features high
temporal and spatial resolution systems that allow precise and continuous measurements of
joint position, velocity, and force [66]. These devices can provide quantitative, repeatable
measurements and real-time sensory and motor performance information. Providing this
feedback online makes the assessment session more transparent to the patient and thus more
engaging. In addition, robotic assessment methods can dramatically reduce assessment time
and help increase the effectiveness of patient treatment by, among other things, promoting
early rehabilitation with ad hoc therapies.

In conclusion, robotic assessment systems can complement or outperform traditional
physician-administered methods in drawing a complete clinical picture. Indeed, the limita-
tions of robotic assessments are solely due to the performance of their sensors.However, it is
still difficult to completely replace clinical scales with robotic assessments because clinical
scales are easier to use and have lower setup times.

Robotic Assessment for spasticity

Robotic devices, when used as tools for the assessment of spasticity, succeed in overcoming
all of the limitations discussed in the previous chapter: they minimize inter-rater variability
and, by integrating the simultaneous execution and assessment of passive movements, robotic
assessments of spasticity mitigate the shortcomings of manual assessments [57]. In particular,
the major advantages of robotic technology come from its ability to:

• perform repeatable and controlled stretch movements at consistent velocities

• record movement kinematics and kinetics

• be adaptable to the clinicians’ needs

• be integrated with external or internal sensors that can enrich the set of quantifiable
variables

Few studies are presenting robot-assisted interventions in the clinical setting for the
evaluation of upper extremity spasticity. The most common are studies involving the elbow



4.1 Robotics for upper extremities 31

joint, followed by those involving the shoulder, and finally, those involving the wrist. The
result is that the elbow is the most straightforward joint to move, so it does not require a
special tool, and its mobilization is less dangerous than the wrist. Two primary robotic
techniques are used in the clinical setting to assess spasticity at the wrist joint [57]:

1. performing robotic treatment while using existing clinical scales for the assessment
session

2. estimating the velocity-dependent component through robotic devices

In the first approach, existing clinical scales are used during assessment sessions. They
are performed before and after robotic training sessions, such as passive mobilization or
game therapy [27, 30, 110, 203, 207, 239]. In the second approach, the velocity-dependent
component is measured by estimating the tonic stretch reflex threshold [32, 61, 79, 80] or
by estimating the biomechanical components [42, 111, 206]. The latter approach is more
scientific because it is based on mathematical modelling of the human arm and requires
knowledge of the torque values.

4.1.2 Therapy

Over the past decade, several robotic devices and treatment protocols have been developed for
upper extremity motor impairments [47, 210, 236]. The choice of the best robotic technology
is determined by the level of impairment and the joint involved. For example, in the case of a
patient with low sensorimotor function, exoskeletons are the best option because they can
apply force to each joint [129]; whereas, in the case of specifically targeted rehabilitation,
end-effectors are more effective [92].

The ability to design effective protocols using control strategies chosen based on the
severity of the impairment is one of the most promising aspects of robotic rehabilitation [169].
Most robotic devices applied in rehabilitation have either a robot-driven (passive) approach,
where the robot implements trajectories and moves the involved arm, or a patient-driven
(active) approach, where the patient decides how to move, and, eventually, the robot adjusts
its trajectories accordingly.

Assistive modality is the most requested control strategy modality in therapeutic settings.
Robotic devices with assistive modalities mimic the work of physicians by supporting
and assisting patients in the movement of their limbs. The assisted-as-needed strategy, in
particular, deserves special note among assistive strategies. This strategy prevents patients
from relying solely on the robot to complete rehabilitation tasks; indeed, the patient must
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actively participate in performing the task. This is critical in rehabilitation: if patients
are over-assisted, their level of participation decreases and the neuroplasticity mechanism
is not induced [34]. This process is known as "slacking" and is defined as a decrease in
voluntary movements as a result of repetitive passive movements. To minimize slacking,
challenge-based approaches are used to motivate or make tasks more difficult.

Iandolo et al. [116] and Falzarano et al. [75] highlighted robotic devices with associated
control strategies and treatment protocols for the upper extremities in an adult and pediatric
population, respectively. The robots reported in these two reviews include our robotic device,
WristBot, initially designed for wrist rehabilitation. On this robot, we decided to implement
a robotic protocol capable of assessing the biomechanical properties of the wrist.

Device for wrist rehabilitation: WristBot

During my PhD, I contributed to the development of the hardware and software of WristBot,
an end-effector robotic device designed as a tool for wrist rehabilitation of patients with
neurological and orthopaedic impairments [116, 173] (see Fig. 4.1). The WristBot was
developed in my research group "Motor Learning, Assistive and Rehabilitation Robotics
laboratory" at the Istituto Italiano di Tecnologia (IIT). It is a robotic manipulandum that
allows movements along the three wrist articulations, with a range of motion comparable to
that of a typical human subject: ± 62° in flexion/extension, 45°/40° in radial/ulnar deviation,
and ± 60° for pronation/supination movements.

The robot, which has been recently re-engineered to improve mechanical robustness and
control system, is equipped with four brushless motors that are activated by a control unit
that allows two modes of operation: position or torque control, allowing position or torque
perturbations to be delivered to subjects according to specific experimental protocols. In
addition, these motors can provide accurate haptic rendering with a 1 kHz sampling rate and
compensate for the weight and inertia of the device, allowing for smooth movements. High-
resolution incremental encoders embedded in its actuators record angular movements along
each axis. The WristBot is an optimal tool for evaluation because it provides quantitative and
accurate measurements with a maximum angular error of 0.17°.

The robotic handle is wrapped in a custom-made soft-grip sensor that measures the
subjects’ grip force. The grip sensor, in particular, is composed of polyurethane foam covered
with nickel-copper wire material. The electrical resistance of the foam decreases when the
sensor is compressed. Changes in resistance are converted into an analogue signal, expressed
in Volts, through an external electrical circuit and sent to the electronic board of the robot.
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The custom-made grip sensor is glued onto a cylindrical plastic holder that fits snugly into
the robotic handle. The sensorized robotic handle is an industrial prototype resulting from
the collaboration between a design company (BTS Design Innovation, http://www.btsdi.it/)
and the Italian Institute of Technology’s electronics team. Conductive foams are known for
significant nonlinearities and hysteretic effects. For this reason, the two teams attempted
to address these constraints by making the sensor as predictable as possible. However, we
performed calibration measurements on the sensorized handle to verify its repeatability over
time (see Appendix).

Figure 4.1 Side view of WristBot during a movement in the combined direction of flexion-
extension and pronation-supination (Panel A: extracted by [116]). A picture of the Wristbot
showing the improvements introduced during my PhD years, namely the grip force sensor
wrapped on the robotic handle with the VELCRO®strings and the forearm blocker (Panel B;
a photo taken during the experiment described in the Chapter 6).

The entire setup consists of a personal computer and a console that the user uses to
interact with the robot. Specifically, the user can select specific exercises and set various
parameters to tailor the exercise to the patient’s needs through an intuitive graphical user
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interface (GUI). In addition, a virtual reality environment is integrated into the robotic system
to provide visual feedback while performing the exercise to enhance the interaction.

I worked with the technical support teams to adapt the device to the specific needs of my
PhD project. Precisely, I needed to modify the experimental setup in terms of the control
strategy of the robotic device and the physical setup. For the first issue, with the support of
the IIT software team, the WristBot was re-engineered to allow the control unit to provide
position control rather than torque control. In position control, the torque transmitted by the
robot was estimated directly by measuring the electrical current delivered by the control unit
to the actuators and then applying a correction factor. Meanwhile, with the support of the IIT
mechanical team, we devised a method to limit compensatory forearm movements and thus
isolate wrist movements: a forearm block was designed, printed and attached to the robotic
device (see Fig. 4.1, panel B).

We have used this robotic device in all of the studies presented in this dissertation. The
reliability and effectiveness of WristBot as a tool for quantitative assessment of wrist function
and rehabilitation protocols have already been widely demonstrated. For example, WristBot
has been used for the quantitative assessment of rigidity and pain [7], proprioception acuity
[6, 33, 171], muscle fatigue [189] and for the investigation of a possible interrelation between
proprioception and muscle fatigue [190]. In addition, WristBot has also been used to develop
rehabilitation protocols with the goal of training and improving wrist performance by defining
specific tasks [8, 168]. In general, the training part of the WristBot consists of:

• Tracking exercises where the subjects must follow a trajectory that appears on the
screen. The shape of the trajectory can be decided by the user from the set of pre-
existing ones

• Reaching exercises where the subjects must reach and match (as best as possible) the
position of the target that appears on the screen
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Chapter 5

The assessment protocol

Considering that spasticity involves an exaggerated stretch reflex and an abnormal increase
in muscle tone, a new protocol developed on the WristBot, was designed to assess the
mechanical impedance of the wrist joint in response to precise robot-delivered displacements.
This protocol could provide a future basis for the practical assessment of spasticity in the
real-world clinical setting. All experiments included in this dissertation are based on a
specific experimental setup, a defined evaluation protocol, and a related mathematical model
designed to extract the wrist biomechanical properties. This chapter describes the features,
related tests and results obtained in the first phase of the protocol definition. On the other
hand, the findings related to the consistency of the experimental protocol under different
experimental conditions will be shown in the following chapter. However, to address specific
research questions, we changed the setup and protocol during the PhD project; highlights of
these changes will be discussed in the relevant chapters.

5.1 Introduction

When external perturbations impact the position of a limb, restorative forces arise to coun-
teract the movement and return the limb to its original position [143]. Incidentally, these
restoring forces may also arise from the viscoelastic properties of the muscles. One way
to estimate these properties and thus how a joint deals with positional perturbations is to
calculate its mechanical impedance. Specifically, mechanical impedance refers to the rela-
tionship between limb kinematics, and the corresponding applied torques [107]. In response
to passive motions, mechanical impedance has both static and dynamic components, i.e.,
the inertial, viscous, and elastic components. The inertial component is a quantity that
determines the torque required to achieve a desired angular acceleration about a rotational
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axis; the viscous component resists displacement proportional to the velocity of the motion;
the elastic component is proportional to the displacement of the limb. Assuming that the mass
of the limb does not vary during motion, the inertial component can be assumed constant.
In contrast, several techniques have been used to estimate the other two biomechanical pa-
rameters: stiffness and viscosity. Specifically, these techniques can be found in terms of step
torque perturbations [183, 184, 229], step position displacements [58, 65, 151, 199], ramp
and hold displacements [60, 131], sinusoidal amplitude displacements [100], and stochastic
perturbations [114, 125, 225].

Leveraging the ability to quantitatively record kinematic data through robotic systems,
we propose a novel protocol for the robotic measurement of wrist biomechanical properties
with this work. Specifically, we implemented a protocol for quantifying the resistance of
the wrist joint to external perturbations. The assessment protocol consisted of sequences
of angular perturbations along the flexion-extension direction of the wrist. These perturba-
tions contributed to calculating the mechanical impedance of the wrist and extracting its
biomechanical properties.

5.2 Methods: experimental setup and protocol

Throughout the experimental protocol, subjects sat on a chair in front of a computer screen
and grasped the WristBot device handle. As mentioned previously, the robotic handle
was wrapped with a custom-made soft sensor that could measure the subject’s grip force.
The robot control unit was programmed to generate positional perturbations along the FE
DoF, whereas the two other DoFs were position-controlled to maintain the neutral angular
value firmly. The surface electromyography (sEMG) was recorded from some forearm
muscles of the arm under examination. The corresponding sEMG signals were acquired
using bipolar Ag/AgCl electrodes, with a sampling rate of 2048 Hz (OTBioelettronica
Quattrocento). Electrode preparation and placement followed the SENIAM protocol (Surface
Electromyography for the Non-Invasive Assessment of Muscles) [104]. The kinematics,
torques, and sEMG signals were synchronized by a trigger signal from the robotic device
to the sEMG measurement system to relate the muscle activation to the corresponding
movement.

Before beginning the experimental procedures with each subject, the experimenters
carried out five preliminary operations:

1. Skin cleansing and placement of the bipolar electrodes over the muscle bellies
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2. Adaptation of the experimental setup to the parameters of the subject’s body and
explanation of the correct manner to sit, position the arm and grasp the handle. Sub-
jects were positioned with the arm externally rotated (approximately 20°), and the
longitudinal position of the robot was adjusted to produce an elbow extension angle of
approximately 120°. Moreover, we aligned the third metacarpal approximately parallel
to the long axis of the radius to place the wrist in its neutral position [255]

3. Evaluation of the grip force during maximum voluntary contraction (MVC) with two
methods: (1) with the hand-held hydraulic dynamometer (Baseline 7-Piece Hand
Evaluation Kit, Fabrication Enterprises) and (2) with the sensorized robot handle. Grip
sensor data were normalized as %MVC for each subject

4. Evaluation of the maximum voluntary excitation (MVE) occurred during maximal
isometric wrist flexion and extension contractions. Maximal contractions lasted 2 s,
were repeated three times and used in post-processing to normalize the sEMG signals
(%MVE)

5. Expose each subject to a familiarization phase to make them feel comfortable with the
robotic device

After familiarization, the experimental protocol began. Specifically, the robot generated
a pseudo-random sequence of angular perturbations characterized by fast velocity and small
amplitude, compatible with the linearity of the model of the mechanical impedance of the
wrist adopted in this study. The angular perturbations were symmetrical with respect to the
neutral position of the wrist along the FE DoF, achieving a global amplitude of 0.34 rad.
Precisely, the biomechanical properties of the wrist in the flexion direction were calculated
for angular perturbations starting from the extended posture (+0.17 rad) to a flexed posture
(-0.17 rad) and vice versa for those in the extension direction (see Fig. 5.1-Panel A). The
angular perturbations had a minimum jerk profile, generated according to the following
control law that was implemented by the microcontroller:

θ = θ0 ±∆
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where θ0 is the initial angular position (±0.17 rad), t is the time, ∆ is the perturbation
amplitude (0.34 rad) and T is its corresponding duration. However, the robot held the other
two DoFs of the wrist (RUD and PS) in their neutral position.
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Figure 5.1 An example of the angular displacement (A), velocity (B), and acceleration (C)
signals of a perturbation delivered in the extension direction with a subsequent rest time of
2500 ms. For the perturbation in extension, the angular displacement started from -0.17 rad
in flexion toward 0.17 rad in extension with a duration of 150 ms.

5.3 Data analysis

The torque transmitted by the robot to the hand for the FE displacements was estimated
directly by measuring the electrical current delivered by the control unit to the actuators and
then applying a correction factor. This correction factor accounted for belt-drive transmission
and motor efficiency and was identified using a force-torque sensor. The current was sampled
and recorded at a sampling rate of 1 kHz and smoothed by using a 1st order Savitzky–Golay
filter, with a window of 45 samples (cut-off frequency: ∼ 20 Hz). The control unit of the
FE DoF was activated according to the position control mode and was carefully tuned to
achieve stable and accurate reproduction of the perturbation profile of Eq. 7. In particular,
accuracy was evaluated in several tests where we compared experimental results of the
perturbation trajectories with the theoretical ones. Because the robot did not directly measure
the end-effector velocity (θ̇ ) and acceleration (θ̈ ), these signals were differentiated by the
recorded angular displacements that were smoothed using a 3rd order Savitzky-Golay filter,
with a 45 ms windows (cut-off frequency: ∼ 12 Hz; see Fig. 5.1-Panels B and C). Moreover,
we evaluated how accurate the theoretical predictions of the velocity and acceleration profiles,
expressed in Eq. 8, were compared to the differentiated signals:
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Both torque and kinematic signals were resampled at the sEMG sampling rate of 2048
Hz using linear interpolation.

5.3.1 Mathematical model

The literature shows that a limb whose position has been externally perturbed develops
restorative forces resulting from the intrinsic component that includes the viscoelastic proper-
ties, reflex mechanisms, and possible voluntary intervention. One way of characterizing the
global ability of the system to deal with perturbations is to evaluate its mechanical impedance,
defined as a model that relates the applied torque disturbance to the limb angular displace-
ment. Since the protocol used position inputs to determine changes in mean wrist torque,
a detailed analysis of wrist joint dynamics could be made. The amplitude chosen for the
angular perturbations allowed us to adopt a linear second-order mass-spring-damper model
(Eq. 9). This model includes both the wrist inertia (I) and the corresponding viscoelastic
properties of the neuromuscular apparatus of the wrist: viscosity (B) and stiffness (K).

τ = Iθ̈ +Bθ̇ +Kθ (9)

where τ (Nm) is the torque exerted by the motors to the DoF FE during displacements
and is derived from the current given to the motors by the control unit; θ (rad) is the
angular displacement of the perturbation, computed in agreement with Eq. 7 and measured
by the encoder of the FE motor; θ̇ is the corresponding rotational velocity (rad/s), and θ̈ is
the rotational acceleration (rad/s2), both estimated by differentiating the recorded angular
displacements.

The first step was to test the consistency of the protocol on a healthy population and
validate this mathematical model for the specific task adopted in our experimental protocol
[76]; after that, we improved the experimental setup and protocol based on experimental
experience [74]. The first study showed that the mathematical method needed to consider
the mechanical impedance of the total system, which includes the wrist and the robot. Thus,
the total mechanical impedance equation was obtained by adopting the same mass-spring-
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damped model for both components and removing the initial value from all elements of the
equation:

τ − τ0 = Ieqθ̈ +Beq(θ̇ − θ̇0)+Keq(θ −θ0) (10)

where:

Ieq = Irobot + Iwrist ,

Beq = Brobot +Bwrist ,

Keq = Krobot +Kwrist

τ0 (Nm) is the torque value exerted by the robot motors to the FE DoF before initiating
the perturbation; θ0 is the initial angular value, which is equal to 0.17 rad if the perturbation
proceeds from the extension to flexion (flexion direction), and -0.17 rad in the opposite
case; finally, θ̇0 is the initial angular velocity, and has null value in the adopted experimental
protocol.

The mechanical impedance modelled by Eq. 10 is a linear combination of the intrinsic
mechanical impedance of the device and the corresponding impedance of the wrist. A
substantial part of the recorded torque resulted from the dynamics of the device, and an
estimation of this behaviour was made before the experiments (see the Data Analysis section
for more details). Such "device torque" was subtracted from the recorded torque to get the
"wrist torque," which was then subjected to further analysis.

More specifically, the "best fit" parameters of the total mechanical impedance (I, B, and K)
was estimated using a least-square approximation (LSA) procedure, capable of minimizing
the mean-square error between the torques recorded experimentally and those predicted by
the model. To discriminate the contribution of the device from the biological component, we
performed the LSA in two experimental settings: (1) robot alone, having disconnected the
hand from the device and (2) robot +hand.

5.3.2 Validation of the protocol

Published at the International Conference for Biomedical Robotics and Biomechatronics

(BioRob), 2020

The very first pilot of the experimental protocol performed with the first version of the
WristBot (as shown in Fig. 4.1-Panel A) provided a promising starting point to validate
the consistency and reliability of the experimental protocol. In particular, it represented
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the first step to validating the mathematical model chosen to estimate the biomechanical
properties of the human wrist joint. In this study, fifteen healthy, right-handed subjects were
recruited. We instructed subjects to grasp the robotic handle without exerting any force and
remain in a posture as relaxed as possible while the robot moved their hand with sequences
of position-controlled disturbances.

The main findings of the study were: first, the consistency and robustness of the assess-
ment method in terms of repeatability of the torques exerted by the robot across subjects
(Fig. 5.2); second, the consistency of the inertia parameter, expressed as a combination of
the moments of inertia of the hand and the robot. However, this study also identified some
experimental limitations that needed to be addressed to improve the protocol for subsequent
experiments. First, we realized the importance of good mechanical coupling between the
hand and the robotic handle. This consideration led us to reevaluate the hardware config-
uration of the WristBot, and, with the IIT mechanical support team, we included both a
forearm locker and VELCRO®straps that could hold the hand firmly on the handle. Then, we
noticed that the mathematical model was not accurate enough; thus, we decided to estimate
the mechanical impedance parameters of the robot a priori and extend the sample data size by
increasing the robot sampling rate to 1 kHz. Finally, we considered testing the protocol under
different experimental conditions given by different grip levels and average perturbation
velocities (see the next chapter for more details).

5.3.3 Estimation of the mechanical impedance of both robotic device
and human hand

After making the previously mentioned modifications to the setup, the first preliminary
analysis was focused on the evaluation of the parameters of the mechanical impedance of
the robot in the robot alone experimental condition. The LSA procedure estimated the
following parameters: Irobot = 0.017 kgm2, Brobot = 0.22 Nms/rad, Krobot = 0.14 Nm/rad. As a
cross-check of the consistency of the method, we verified that the estimated robot parameters
were invariant under different experimental conditions.

Next, the estimation of the hand inertia (Ihand) was performed, assuming that the inertia
evaluated by the LSA method in the robot+hand condition was the sum of the two elements:
Ieq = Irobot + Ihand . Precisely, to estimate the Ihand , we considered a NASA document
containing anthropometric and biomechanical parameters of the human body [192]. The
document reported the body sizes of those individuals considered most likely to be included
as space crew members and visiting personnel. This personnel was considered healthy, fully
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Figure 5.2 Repeatability of torques delivered by the robot averaged over subjects (gray lines)
and divided by direction: extension (Panel A) and flexion (Panel B). The black line represents
the average of the torques delivered over time.

physically developed, and with a mean age of 40 years. These physical characteristics can
be associated with the participants in our studies. From the document, we considered the
moment of inertia, the centre of mass, and the mass of the right hand. The hand inertia
was calculated by considering the open hand configuration as the neutral posture. In all the
experiments presented in this dissertation, we asked subjects to grasp the robotic handle. For
this reason, the value of the centre of mass (CM) in the two configurations did not match, and
in particular, there was a need to reduce the CM along the z-axis (see Fig. 5.3) by placing it
at 2/3 z. Ultimately, we calculated the Ihand via the Huygens-Steiner theorem:

I = Icm +md2 (11)

in our calculation d has been replaced with dgrasped , where:

dgrasped = 2/3∗d

I is the moment of inertia of the right hand with respect to an axis from which the centre
of mass is at a distance d; Icm is the moment of inertia of the right hand with respect to the
axis parallel to the first axis and passing through the centre of mass; m is the mass of the
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right hand, and d is the distance between the two axes. The axis passing through the centre
of mass and considered in this calculation is the axis parallel to the directions of flexion and
extension, and therefore the y axis was taken into account (see Fig. 5.3). Finally, the Ihand

parameter around the FE axis of the hand was found to have the following average value:
Ihand = 0.0019 kgm2 (value comparable to those reported in Piovesan’s study for the hand
configuration [208]). Therefore, looking at robot and hand inertia contributions, the hand
inertia contributed no more than 10% to the overall inertia.

Figure 5.3 The representation of the body in the standard anatomical position (A). The center
of mass of the right hand is located along the z-axis (B). The principal axes of the hand (C)
coincide with the reference axes when the hand is aligned as shown in panel (A). The figures
were extracted by [192].

5.3.4 Other measurements

Other measurements we made include measuring the amount of static friction that could
affect the movements of the robot. We performed this calculation during the robot alone

condition with displacements provided at a very slow and constant velocity (1 deg/s). From
this analysis, the RMS of the residual torque was relatively low (0.2 Nm), as expected
considering the careful mechanical redesign of the WristBot. In addition, we checked the
oscillation of the other two DoFs of the robot that were position-controlled: they were
relatively small (0.005 rad) for both RUD and PS. Finally, we compared the velocity and
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acceleration signals derived from the angular position signal via the Savitzy-Golay algorithm
with the theoretical signals. Focusing on the peak values of the velocity and acceleration
profiles, the average percentage discrepancy between the theoretical and filtered values was
found to be acceptable: 0.5±0.7% (mean ± SD) for velocity and 2±1% (mean ± SD) for
acceleration.



Chapter 6

Effects of grip force, perturbation
velocity, handedness on the biomechanical
properties of the wrist

Published in Frontiers in Human Neuroscience, 2021

To further characterize the quantitative wrist joint biomechanical properties estimated by the
selected mathematical model, it was essential to relate them to other factors, such as grip
force and velocity of perturbations. These two aspects are critical for transferring the protocol
to the clinical setting. On the one hand, grip force is strongly related to wrist stiffness. On the
other hand, spasticity is a velocity-dependent motor condition; thus, it is helpful to calculate
the wrist biomechanical parameters at various perturbation velocities. However, we chose
to investigate the wrist response to these experimental conditions because we wanted to
build a reference dataset of wrist biomechanical properties belonging to a healthy population
under different experimental settings. This dataset would have allowed us a more direct
comparison with clinical populations. Although the velocity of perturbations is critical for
transferring the protocol to the clinical setting, as will be clear from reading the chapter, the
designed protocol does not take it into account. Indeed, considering the selected velocities,
the stiffness estimated by our model was found to be velocity independent.

6.1 Introduction

Previous studies on the evaluation of the mechanical characteristics of the arm found that joint
stiffness was strongly correlated with the subject’s grip force and the relative coactivation
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[191, 247, 29]. Indeed, increases in grip force are largely produced by forearm muscle
contraction, which has been demonstrated to impact wrist joint stiffness [108]. In addition,
increased joint stiffness is a significant source of disability and one of the most common
symptoms of some neurological disorders, such as spasticity and rigidity [249]. However, as
mentioned in the background section, to date, these motor disorders are assessed only using
clinical scales, which have been found to be unreliable and influenced by the skills of the
operator [2, 12]. In this context, a robotic evaluation protocol that takes advantage of the
repeatable and controlled conditions embedded in robotic systems can play a crucial role.
That is why we implemented a robotic protocol to assess the biomechanical properties of the
wrist.

Furthermore, we developed the assessment protocol on a robotic platform that is almost
ready for transfer to the clinical setting. As a first step, we needed to create a large reference
set of biomechanical properties of the wrist of a healthy population that would then allow us
to compare with patient data. Therefore, in light of extending this experimental protocol to
clinical settings, precisely to quantify spasticity in patients with neurological disorders, we
chose to study how the following parameters affected the biomechanical properties of the
human wrist in a healthy population:

• different levels of grip force

• different angular displacement velocities

• dominant hand versus non-dominant hand (handedness)

6.2 Materials and methods

Participants

Thirteen volunteers (6 females, 7 males; 27.2 ± 1.9 years of age) were recruited for the
experiment. All participants were right-handed and had no known neurological disorders or
previous wrist injuries. Each participant signed the informed consent before participating in
the study. The experimental protocol was performed at the Motor Learning, Assistive, and
Rehabilitation Robotics Lab of the Istituto Italiano di Tecnologia and was approved by the
local ethical committee of the Liguria Region (n. 222REG2015), following the Declaration
of Helsinki principles.
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Experimental setup and protocol

During the experiment, participants sat in a chair in front of the computer screen and grasped
the handle of the robot (see Fig. 6.1). The forearm was firmly attached to the robotic
manipulator in a neutral position (midway between pronation and supination) by a pair of
VELCRO®straps that prevented forearm movements, avoided slacking motions between
hand and handle and isolated the wrist joint. Attention was paid to the hand placement via the
forearm blocker, ensuring that the lever arm was similar between subjects. The experiment
followed the procedures reported in the previous chapter by arranging the experimental setup
to investigate both the right (RH) and left hand (LH) with a counterbalanced starting order.
The preparation steps and the experimental procedure were the same for both hands, although,
for convenience, we limited the presentation to one hand. To recap, the experimental protocol
consisted of a pseudo-random sequence of fast angular perturbations of small amplitude (±
0.17 rad) delivered by the robot. In particular, the angular perturbations were symmetrical
with respect to the neutral wrist position along the FE DoF with a total amplitude of 0.34 rad.
We recorded the sEMG signals of the flexor carpi radialis (FCR) and extensor carpi radialis
(ECR).

For each subject’s hand (RH, LH), the experimental protocol included nine different
experimental conditions given by the following combinations of perturbation velocities and
grip force demands:

• Three average velocity conditions: slow (1.7 rad/s == 100°/s), medium (2.3 rad/s ==
130°/s), and fast (2.6 rad/s == 150°/s) perturbations, where the values of T in Eq. 7
were 200, 150 and 130 ms, respectively

• Three levels of grip force: self-selected grip (requesting to hold a natural grasp),
medium grip (approximately 40% of the MVC grip force), and high grip (approximately
60% of the MVC grip force)

These grip conditions were chosen to represent a wide range of different grip abilities and
were verified by sEMG signals to elicit significant differences in forearm muscle activity. The
grip force ranges were determined by establishing a linear connection between the highest
grip force measured in Newtons and the voltage change (VMAX −VO f f set) recorded by the
grip sensor. Subjects were asked to maintain the required grip force during each experiment.
Specifically, during the medium and high grip conditions, subjects received real-time visual
feedback of the grip measured by the grip sensor via a virtual bar displayed on the screen.
The colour of the bar changed if the total grip deviated from the required grip force demand.
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Figure 6.1 A schematic representation of the participant, bipolar electrode placement, and
robot position in the experimental setup. An example of the visual feedback of grip force
shown to subjects via a virtual bar displayed on the screen in front of them.

Specifically, the colour of the bar changed from yellow to blue if the total grip was maintained
within a range of ±2% from the required grip level. It should be mentioned that the total
grip measured by the sensor is a sum of the active grip exerted by the subjects and the action
of the VELCRO®straps. These straps were carefully and firmly adapted to each subject in
order to assure an approximately invariant sensor readout when subjects were requested to
maintain a posture with the self-selected grip.

Each experimental condition lasted approximately 135 s, and there were 56 trials (7 sets
of 8 perturbations each), with a randomized delay between perturbations of approximately
2.3±0.5 s (mean±1 SD). A 3-min rest time was inserted between conditions to prevent muscle
and attentional fatigue. Specifically, muscle fatigue was monitored by post-processing the
sEMG signals recorded during the experimental conditions (see Data Analysis section for
more details).

The nine experimental conditions (for each hand) were randomly distributed over two
different days (six random conditions on the first day and the remaining three on the second
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day) to reduce central and peripheral fatigue. For every three conditions run on the first
randomly chosen hand, the setup was changed for the other hand, and three random conditions
were run on that hand; then, the setup was changed again (approximately 30 minutes after)
for the remaining conditions. To further reduce fatigue, the random selection algorithm for
the experimental conditions avoided selecting two consecutive conditions with the same grip
condition: in particular, we ensured that, for the same hand, there were no two consecutive
conditions at the high grip level.

6.3 Data analysis

Considering the estimation done in the previous chapter of both the mechanical impedance of
the WristBot and the inertia parameters (I), for the present study, we only had to estimate the
biomechanical properties of the wrist joint. Specifically, we estimated the viscosity (B) and
stiffness (K) of the wrist through the second-order linear mass-spring-damper model (Eq. 10),
then applying a least-squares approximation (LSA) procedure capable of minimizing the
mean square error between the experimentally recorded torques and those predicted by the
model.

For each experimental condition, we excluded the perturbations whose torque signals
differed statistically (|z-score| > 2.5) from others of the same type of movement (flexion
or extension). Then, we calculated B and K for each movement, and for each subject, we
averaged the values to have a single value of B and K for each movement type (flexion and
extension). The same averaging procedure was used across subjects, thus producing a final
value of B and K for each type of movement in each experimental condition.

Surface electromyography and grip analysis

The raw sEMG signals were band-pass filtered (10–400 Hz) with a 4th-order Butterworth
filter, full-wave rectified, and finally, smoothed with a 4th-order Butterworth low-pass filter
(9 Hz cut-off frequency) to obtain linear envelopes [36]. For each subject and hand, sEMG
envelopes were normalized to their corresponding maximum value obtained during the MVE
and expressed as %MVE.

We kept the experimental sessions short and introduced a rest time between conditions
to reduce muscle fatigue. Muscle fatigue is known to impact biomechanical properties;
consequently, we integrated a tool for monitoring the development of fatigue by evaluating
the mean frequency (MF) trend of the sEMG spectrum of each muscle during the whole
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experimental protocol [46]. Specifically, each experimental condition was divided into five
phases of approximately 25 s each, and an MF value was computed in each phase. The MF
extracted during the first phase of the first random experimental condition was considered the
baseline MF. MF values for each participant were normalized to their corresponding baseline
MF. These data were averaged on the entire population. The power of the sEMG signals
tended to shift toward lower frequencies as fatigue occurred [181]. According to Mugnosso
et al. [190], the onset of fatigue was detected if there was a decrease in MF below 25% of
the corresponding baseline MF.

Moreover, we assessed the mean grip force held during three different phases of each
experimental condition averaged over all subjects: 1) 200 ms before the onset of the pertur-
bation (G0); 2) during the perturbation (∆G); 3) from the end of perturbation to 300 ms after
(G f ).

Statistical analysis

First, we investigated that the three chosen levels of grip force were significantly different
from each other by using a Wilcoxon rank-sum test on the muscle activity required to perform
those conditions. After, we performed a global goodness-of-fit test (r2) of the results of
the mathematical model of wrist mechanical impedance (Eq. 10). Next, we performed a
statistical analysis on the stiffness (K) and viscosity (B) parameters extracted from the model.
In the first stage, we evaluated the distribution of the parameters through a Lilliefors test,
and then we analyzed any statistical relationships in the data using proper statistical tests.
Specifically, a Wilcoxon rank-sum test tested any statistical difference in the K (and B)
parameters computed in flexion and extension movements. In contrast, a one-way analysis
of variance (ANOVA) non-parametric test (Kruskal–Wallis) was used to test differences
between different perturbation velocities. Finally, to test the statistical effect of the grip force

Table 6.1 Average grip force data [%MVC] during 200 ms before the delivery of the pertur-
bation in the three grip conditions (SS Grip, 40% and 60% MVC), for both hands (right hand:
RH, left hand: LH).

SS Grip 40% 60%

RH 4.7%±2.8% 40.3%±0.5% 60.3%±0.5%

LH 3.7%±2.2% 40.4%±0.4% 60.1%±0.5%
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on K (and B) values, we performed a mixed-effects model with K (and B) as the dependent
variable, grip force as the independent variable, and subject as the random factor. We further
investigated the behaviour of K (and B) between the two hands using a Wilcoxon rank-sum
test. Jamovi Statistical Data Analysis tool (JSDA, version 1.6.23) and MATLAB R2020b
were used to conduct statistical analysis.

6.4 Results

Preliminary results on the grip force signal

The levels of grip force and the relative sEMG activity used during the selected experimental
conditions were analyzed. In particular, Table 6.1 shows the average grip force (%MVC)
maintained during the 200 ms interval before the delivery of the perturbation in the three
grip conditions (self-selected grip: SS Grip, 40% MVC Grip, and 60% MVC Grip) for both
hands (RH, LH). Moreover, Fig. 6.2 displays the corresponding normalized muscle activity
of FCR and ECR for the same grip conditions. The Wilcoxon rank sum test assessed that, in
both hands, FCR and ECR muscle activity differed significantly between SS Grip and 40%
Grip (FCR: W = 4.0 p < 0.001 in RH, W = 25.0 p < 0.001 in LH; ECR: W = 42.0 p < 0.001
in RH, W = 70.0 p < 0.001 in LH), between SS Grip and 60% Grip (FCR: W < 1.0 p < 0.001
in RH, W = 6.0 p < 0.001 in LH; ECR: W = 12.0 p < 0.001 in RH, W = 15.0 p < 0.001 in
LH), and finally between 40 and 60% Grip (FCR:W = 9.0 p < 0.001 in RH,W = 13.0 p <
0.001 in LH; ECR: W = 16.0 p < 0.001 in RH,W = 17.0 p < 0.001 in LH).

However, to strengthen the robustness of the evaluation method, three additional evalua-
tions were performed: (1) assessment of the reliability of the mathematical model, expressed
in the Eq. 10; (2) assessment of the ecological-ergonomic characterization of the experimental
protocol; (3) estimation of the stability of the grasping paradigms.

Reliability of the mathematical model

We evaluated the discrepancy between the torque signals delivered by the robot and the
torques reconstructed according to the mathematical model (Eq. 10). The top three subplots
of Fig. 6.3 show an example of the kinematics of one representative subject during the
slow perturbations (100°/s) at 40% MVC Grip. The other two bottom subplots display
the power of the curve fitting approach for the model-estimated torque profile. The LSA
procedure calculated B and K values over the recorded torque profiles. More generally, the
goodness-of-fit (r2) between model generated and recorded torque profiles, evaluated for
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Figure 6.2 Mean muscle activity [%MVE] of extensor carpi radialis (ECR) (left) and flexor
carpi radiali (FCR) (right). Black and gray lines represent RH and LH group, respectively.
Mean ± std. ***, statistically significant, p < 0.001.

the subjects in the nine different experimental conditions, is reported in Table 6.2; to avoid
redundancy, it reports only the value of the RH group. The r2 obtained as a result of fitting
the mathematical model to the actual data under different experimental conditions was higher
than 0.88, showing how well this chosen model fits the outline of our data. Specifically,
we averaged the r2 across subjects and obtained the highest correlation for the condition
combining slow perturbations at self-selected grip (r2 = 0.98). The same analyses were
performed for the LH group; as expected, no statistically significant difference was found
between the two groups. For further analysis of the mechanical impedance of the robotic
device and the mathematical model, please refer to the Appendix.

Ecological-ergonomic characterization of the experimental protocol

We wanted to ensure that subjects accepted the protocol well (a cognitive requirement) and did
not experience muscle fatigue (a biomechanical requirement). The former requirement was
verified by asking subjects before and after the protocol: all confirmed that they understood
the experiment rationale clearly and felt at ease with the experimental setup. For the latter
requirement, we checked whether the MF spectral shift of the sEMG signals was probably
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Figure 6.3 Recorded signals of a subject for a sequence of 56 trials performed during the
experimental condition combining slow perturbations (100°/s) and 40% MVC grip. The top
three subplots show the time course of angular displacement (A), velocity profile (B), and
acceleration profile (C) of the perturbations (thin: measured values; thick: mean value). The
bottom two subplots display the power of the curve fitting of the model-estimated torque
profile (red line) on top of the measured torque profiles (grey lines) (D) and the time-course
of the discrepancy between these two torque profiles (E).



6.4 Results 55

Table 6.2 Goodness-of-fit (r2) between model-generated and experimental torque profiles,
evaluated for all subjects in the RH group in the nine experimental conditions. Results are
divided by the direction of the perturbation.

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.91±0.04 0.94±0.05 0.98±0.02

Flexion 0.91±0.03 0.94±0.05 0.98±0.02

40%
Extension 0.90±0.06 0.93±0.05 0.97±0.03

Flexion 0.88±0.06 0.93±0.04 0.96±0.04

60%
Extension 0.88±0.06 0.92±0.05 0.97±0.03

Flexion 0.88±0.06 0.92±0.07 0.96±0.04

due to muscle fatigue. Fig. 6.4 shows the trend of the percentage of MF of both FCR and
ECR throughout the experimental protocol in the RH group. Moreover, the figure provides
an overview of the group variability by showing the standard deviation of the data (shaded
part). At the end of the experiment, the mean decrease in the MF of the two muscles for
both RH and LH groups was at most around 10% of their baseline value, confirming that the
physical fatigue was negligible.

Stability of the grasping paradigm

We verified the extent to which the grip posture remained constant during the perturba-
tions and whether there was a good mechanical coupling between the hand and the handle.
Furthermore, in post-processing, we verified that muscle activity before the onset of each
perturbation did not differ significantly. Fig. 6.5 illustrates a representative time evolution
of grip force data recorded during the condition of fast perturbations at 60% MVC grip
force. The grip trend ranges from 200 ms before the onset of the perturbation to 300 ms
after the end of the perturbation, the duration of which in this specific case was 130 ms.
Notably, it shows a slight decrease in grip force (about 4 %), approximately recovered after
a few hundred milliseconds. This decrease in grip force could be due either to the sensor
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Figure 6.4 The trend of the decline of the sEMG mean frequency (MF) of ECR and FCR
(blue and red, respectively) throughout the experiment protocol in the RH group. The
MF values were normalized to the corresponding baseline MF performed on the first day
of experimentation. These data were averaged on the entire population, and the standard
deviation (shaded area) is provided. The horizontal line represents the 25% threshold used in
this work to detect the onset of fatigue.

softening itself or to the elasticity of the skin. As mentioned in the methods, the grip force
was averaged across subjects, calculated at three stages of perturbation (G0, DeltaG, G f ) in
both RH and LH groups, and the results are shown in Table 6.1. The consistency of the grip
force exerted by the subject within each experimental condition was one of our constrain:
Table 6.1 confirms a consistent grip force under all experimental conditions for both RH and
LH groups. This preliminary assessment is quite relevant to the following analysis of the
calculation of biomechanical parameters.
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Figure 6.5 Grip force data averaged over subjects and over time during the experimental
condition combining fast perturbations and 60% MVC Grip. Data are viewed over a time
span extending from 200 ms before the start of the perturbation to 300 ms after the end of
the perturbation. The duration of fast perturbations is 130 ms. The graph shows the bar at
60% MVC Grip Force as it was shown to participants: the percentage of the required grip to
be held with its tolerance range (±2%) was confined to the green area. The vertical lines
identify the duration of the fast perturbations.

Main results: biomechanical properties of the wrist joint

Once we verified that the experimental protocol did not induce measurable levels of fatigue
and the subjects succeeded in keeping an approximately consistent grip level during the

Table 6.3 Average grip force [%MVC] computed at three different stages of perturbations
(G0: during 200 ms before the perturbation onset; ∆G: during the perturbation; G f : from the
end of perturbation to 300 ms after the perturbation) in the 40 and 60% MVC conditions.

G0 ∆G G f

RH LH RH LH RH LH

40% 41.1% 41.3% 36.1±1.5% 35.0±2.0% 39.8±0.2% 39.8±0.1%

60% 60.9% 60.8% 57.6±0.9% 56.8±0.1% 59.9±0.1% 59.8±0.3%
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Table 6.4 Stiffness parameter [K: Nm/rad] for the RH group in the nine experimental
conditions

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.49±0.32 0.43±0.24 0.59±0.18

Flexion 0.48±0.27 0.52±0.20 0.61±0.26

40%
Extension 1.48±0.49 1.30±0.57 1.33±0.36

Flexion 1.41±0.47 1.45±0.52 1.33±0.37

60%
Extension 1.84±0.39 1.71±0.56 1.68±0.45

Flexion 1.80±0.35 1.89±0.46 1.69±0.46

experimental conditions, we could proceed with the data analysis. We estimated the biome-
chanical parameters via the LSA method for each experimental condition; their values are
reported in the Tables 6.4 - 6.5.

The wrist viscosity parameter (B) had values in the range of 0.02–0.06 Nms/rad. These
values were consistent; they did not differ significantly under the different perturbation
velocities and levels of grip force. The characterization of the wrist stiffness parameter (K)
averaged across subjects is reported in the Figs. 6.6- -6.7. First, we tested the non-normality
distribution of the data through a Lilliefors test. For each hand, a Wilcoxon rank-sum
test assessed that globally (i.e., considering all the experimental conditions), there was no
significant difference in K values between extension and flexion movements (RH: p = 0.72,
LH: p = 0.80). We further verified that this non-significant difference persisted within each
chosen experimental condition. Because of this result, for each subject we considered K

values calculated for each movement regardless of the direction for the subsequent analyses.
Then, we analyzed the significant differences of the K values across the perturbation velocities
at the same grip condition. The Kruskal–Wallis test reported the same results for both hands:
no significant differences in K values were found across the different perturbation velocities
in either the SS Grip (RH: χ2 = 2.63 p = 0.27, LH: χ2 = 1.01 p = 0.60), the 40% Grip (RH:
χ2 = 0.93 p = 0.63, LH: χ2 = 0.44 p = 0.80), and the 60% Grip (RH: χ2 = 0.49 p = 0.78, LH:
χ2 = 0.65 p = 0.72) conditions (Fig. 6.6).
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Figure 6.6 K [Nm/rad] calculated across the different velocity conditions at fixed grip
conditions (SS Grip [∼ 4% MVC Grip], 40% and 60% MVC Grip Force in the left, center
and right panels, respectively). These data belong to the RH group. The red, green, and blue
boxplots identify the experimental conditions at fast, medium, and slow perturbations.

Finally, we evaluated the influence of the grip force magnitude on the K parameter. Based
on the previous results, we considered the K values calculated for each movement in each
grip condition, regardless of both the direction and velocity of the perturbation. As explained
in the methods, we calculated the statistical relationship between the grip force conditions
and the respective K values through a mixed model. Results revealed a significant positive
relationship between grip demands and K values for both hands (B = 0.02 p < 0.001). A
posthoc Bonferroni test confirmed that the significant difference between grip demands and K

values reflected a statistically significant difference in the grip conditions (Fig. 6.7: between
40% and SS Grip (RH: B = 0.87 p<0.001, LH: B = 1.16 p<0.001), between 60% and SS Grip
(RH: B = 1.27 p < 0.001, LH: B = 1.47 p < 0.001) and between 40 and 60% MVC grip force
(RH: B = 0.41 p < 0.001, LH: B = 0. 31 p < 0.001).

Interestingly, all of these results were the same for both hands. Indeed, a Wilcoxon
rank-sum test determined that there was no statistically significant difference between the K
values estimated in the right and left hand (χ2 = 0.05 p = 0.83; Fig. 6.8).



6.4 Results 60

Figure 6.7 K [Nm/rad] averaged across different perturbation velocities and calculated at
different grip conditions (SS Grip, 40% and 60% of MVC Grip Force). These data belong to
the RH group. ***, statistically significant, p < 0.001.

Table 6.5 Viscosity parameter [B: Nms/rad] for the RH group in the nine experimental
conditions

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.05±0.02 0.03±0.02 0.02±0.01

Flexion 0.06±0.02 0.05±0.02 0.03±0.02

40%
Extension 0.04±0.02 0.03±0.01 0.03±0.02

Flexion 0.04±0.02 0.04±0.01 0.03±0.02

60%
Extension 0.04±0.02 0.03±0.02 0.03±0.02

Flexion 0.04±0.01 0.04±0.02 0.03±0.02
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Figure 6.8 K [Nm/rad] computed in both RH (red) and LH (blue) groups across different
grip conditions considering the velocity of the perturbations (fast, medium, slow represented
in the left, center, and right panels, respectively).

6.5 Discussion

The purpose of this work was twofold: (1) build a reference dataset of the biomechanical
properties of both wrists in a healthy, right-handed population using a robotic device; (2)
explore the relationship between these biomechanical parameters and the perturbation veloc-
ity, grip force, and handedness. To achieve both goals, we used an experimental protocol
consisting of sequences of small amplitude angular perturbations at different velocities along
the wrist flexion-extension DoF, combined with different grip force requirements to be ex-
erted on the robotic handle. The selection of specific perturbation parameters (displacement
amplitude and velocity) allowed us to model the relationship between the torques exerted
by the robot and the kinematics of the wrist as a linear, second-order mass-spring-damper
system. Starting from the mathematical model, we extracted the biomechanical properties
of the wrist joint using a least-square approximation method. The model fit well with the
recorded torque profiles of the robotic device.

In this framework, special attention was paid to the proper acceptance of the different
experimental conditions by the subjects. Indeed, we ensured that the prerequisites of a
solid connection between the hand and the robotic handle, consistent, low grip variability
between conditions, and negligible neuromuscular fatigue were met. To properly evaluate
the biomechanical properties of the wrist, as an essential first step, we wanted to eliminate
the potential confounding effects of muscle fatigue on wrist parameters. Thus, we let the
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participant rest after each condition, changed the setup for the other hand after three conditions
on the current hand, and did not have consecutive conditions with a high percentage grip
demand. However, it may be possible that muscles primarily involved in grasping could have
experienced fatigue in this protocol. The muscles that serve the fingers may be the most
affected during gripping; in fact, Hazelton et al. [103] showed that the fourth finger, served
by the flexor digitorum superficialis (FDS), contributes 25–28% of the total gripping force.
In our work, the recorded muscles (FCR, ECR) predominantly generate wrist actions, and
we ensured that fatigue of these muscles was minimal during the protocol.

The dynamic stiffness computed with this model reflected a combination of the intrinsic
properties and the reflex activity. We demonstrated that the stiffness estimated in extension
and flexion movements was not statistically different. This represents an interesting result,
already presented in other studies [78, 199], but different from what was found by Formica
et al. [88]. In particular, these researchers evaluated that the stiffness in extension was
statistically greater than stiffness in flexion. Explanations for this result, and the discrepancy
in the literature, could be traced to the choice of the initial position of the perturbation delivery.
Indeed, in our study, the subject received angular perturbations that moved the wrist from an
extended to a flexed position and vice versa. Although the starting angle was very small (0.17
rad), a comparison with these studies, in which the estimated biomechanical properties of the
wrist in the flexion and extension directions were computed from the natural position to the
chosen angular posture and back to the start, may not be accurate. Additionally, the selected
velocity conditions of the current study were higher than the one used for the perturbations
in Formica’s study (60°/s). However, to allow a comparison between the stiffness values
estimated in the two studies [this work (TW) and Formica’s (FW)], we consider the values
computed in the slowest velocity condition (100°/s) at the self-selected grip: toward flexion
0.53 ± 0.38 (TW) vs 0.55 ± 0.17 (FW); toward extension 0.45 ± 0.17 (TW) vs 1.02 ± 0.38
(FW).

The second main finding of our study was that the wrist stiffness did not significantly
change across different perturbation velocities. Previously, De Vlugt et al. [60] studied
the effects of wrist joint rotation velocity on the short-range stiffness (SRS) and the elastic
limit, representing the point where the stiffness drops and the muscle begins to behave as a
viscous damper. The authors reported that the elastic limit increased significantly with joint
velocity, whereas the SRS did not change with angular velocity. To date, there is no other
work on wrist joint stiffness studied under different velocity conditions that could support
our findings. In another study, Lee et al. [150] investigated the impact of stretch velocity on
the reactive torque for the elbow joint in a healthy population. They showed an increased
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reactive torque associated with an increased stretch velocity in hemiparetic spasticity and
Parkinsonian rigidity but not in normal muscle tone.

Interestingly, given no significant differences in stiffness calculated in extension and
flexion directions and across velocity conditions, we considered stiffness values independent
of these parameters for healthy subjects. A significant positive relationship between stiffness
parameters and grip intensity for both hands was found. In particular, we found an increasing
stiffness trend as the grip force demand increased. Similarly, Holmes et al. [108] found that
increased grip force led to an increase in forearm muscle co-contraction, which led to an
increase in individual muscle contributions to total joint rotational stiffness around the FE
direction of the wrist joint before unexpected perturbations. However, the increase in wrist
stiffness with muscle activity is well known in the literature and has been linked to an increase
in the number of cross-bridges [60, 114]. Therefore, in connection with this work, we have
demonstrated that increases in grip force largely influence wrist joint stiffness, suggesting
the importance of incorporating accurate monitoring of the grip force during wrist stiffness
measurement protocols. In previous works on evaluating the biomechanical properties of the
wrist joint, the measurement of the grip force was never directly evaluated. Of course, other
variables related to grip force, such as muscle activation, have been considered. Therefore,
one of the novelties of this work was controlling for grip force instead of muscle activity.

What emerged was that the stiffness values computed in the dominant and non-dominant
hands did not differ significantly in all the experimental conditions in which the healthy
population was tested. The only difference between the two measurements was that the
stiffness values computed for the left hand were characterized by larger variability than those
computed for the right hand. Greater wrist control of the dominant hand could account for
this difference [105]. However, the absence of a significant difference in stiffness parameters
between hands, already demonstrated in the right-handed male population by Durand et
al. [67] represents an interesting finding that could be projected into the clinical context
in studies involving neuromuscular impairments. Indeed, using our experimental protocol,
researchers could rapidly record data from both patient hands (e.g., affected and unaffected)
and objectively investigate clinical outcomes in a controlled and consistent approach.

Turning to the viscosity parameter, the experimental results showed low variability among
subjects, with consistent values across the entire set of experimental conditions in the FE
direction. In the literature, very few studies systematically measured the viscosity parameters
for the wrist joint. The viscosity values found in our study are in line with those reported
in the literature [93, 131]. Our study showed no dependence of the viscosity parameters
with changes in the perturbation velocity, but the range of the chosen mean velocities was
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relatively small. However, as evidenced by previous research on the human ankle dynamics,
both viscosity and stiffness parameters of the joint are strongly related to the mean torque
level [114, 252]; in particular, the stiffness parameter varies linearly with the mean torque
whereas the viscosity varies more slowly, as the square root of the mean torque. This study
showed that as the grip condition increased, the wrist stiffness coefficient increased, whereas
the wrist viscosity coefficient did not change significantly. This latter result had already been
presented for the wrist joint in several studies during voluntary movements [184] and during
displacement perturbations in the FE direction [131]. In our case, possible explanations for
this result can be attributed to a slight difference in the mean torque recorded at the wrist
joint under the different grip conditions and not distinguishing the contribution between
intrinsic and reflex to the viscosity coefficient. However, these findings represent the relevant
physiological baseline of healthy subjects against which to evaluate subjects’ responses with
exaggerated reflex activation of muscles after controlled mechanical disturbances.



Chapter 7

Implication of forearm muscle fatigue on
the wrist biomechanical properties

Intending to export robotic platforms to clinical settings, we wondered whether there was a
method to detect the onset of fatigue during rehabilitation therapies and assessment sessions
and whether the state of fatigue could affect, in some way, some wrist-related characteristics.
Quantitative analysis of these effects is a topic of crucial interest in both ergonomics and
clinical settings. In this study, we introduce a novel protocol based on robotic techniques that
detects fatigue and quantitatively assesses the effects of fatigue on the human wrist joint.

We first implemented a fatigue protocol that objectively detected the onset of fatigue
in forearm muscles in real-time. With this study, we determined the physiological and
kinematic variables involved in the fatigue process (Preliminary Study: Section 7.2). Next, we
implemented an experimental protocol to investigate how the functional and biomechanical
properties of the wrist joint changed after a fatigue task and how they dynamically recovered
(Main Study: Section 7.3). In addition to these measurements, we also investigated how the
fatigue state affected wrist position sense. However, this analysis is not the focus of this
dissertation; therefore, we will not go into the details of the analysis but will discuss the
relationship between the results on biomechanical properties and those on position sense.

7.1 Introduction

According to a traditional definition proposed by the Italian physiologist Angelo Mosso
[94], fatigue is a disabling symptom that involves both physical and cognitive functions.
The exercise-induced impairment of motor performance can be defined as performance
fatigability, while the sensation of weakness that arises from prolonged muscle activity is
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termed perceived fatigability [132]. By defining fatigue in terms of fatigability, the level of
fatigue reported by an individual depends on the rates of change in the two attributes [71].
This taxonomy is different from another dichotomy used in the field, i.e. the distinction
between central and peripheral fatigue [22]. The two components of this latter distinction
are interdependent since adjustments in the activation signal discharged by motor neurons
are attributable to changes occurring within the muscle. Contrarily, both performance and
perceived fatigability contribute to fatigue but are due to different modulating factors: while
the former is related to contractile functions and muscle activation, the latter is related to
homeostasis and the psychological state of the individual [72].

Studying the effects of fatigue on human performance is a crucial research topic, which
can involve a broad set of disciplines, such as ergonomics [1], physiology [133], psychology
[170] and medicine [158], and it has fields of application in industrial engineering and clinical
rehabilitation. In clinics, early onset of fatigue is a common symptom of multiple sclerosis
[99, 137], Parkinson’s disease [238], muscle dystrophies [11], spinal cord injuries [205] and
stroke [54], thus affecting people’s quality of life and their activities of daily living [99].
Given the importance of this topic and its wide range of possible applications, the literature
offers many protocols for evaluating the effects of fatigue on humans. They involve maximal
or submaximal, static or dynamic tasks, whose duration could be either fixed, based on
the subject’s maximal level of tolerable fatigue, or based on a specified decrease in force
[119, 189].

These studies aimed to evaluate the effects of short-term submaximal dynamic fatigue
on wrist function using a robotic device. We made the following choices to broaden the
applicability of the fatigue task while ensuring objective results: the task was adapted to the
subjects’ initial performance, and its conclusion is based on the amount of change assessed
in their electromyographic activity. We did not set a fatigue threshold based on perceived
fatigue, i.e., the subjective level of fatigue reported by the subjects, but relied on an objective
measure associated with the fatigue state. In the preliminary study, we focused on identifying
the physiological and kinematic variables involved in the fatigue process consisting of
sequences of joint rotations of the wrist. In the subsequent study, on the other hand, we
assessed the presence of fatigue-induced changes in wrist function at the end of the fatigue
task. Specifically, the test protocol assessed maximal voluntary contractions, biomechanical
properties and position sense of the joint before and at four precisely selected time points after
the fatigue task. In general, the results regarding the effects of fatigue are highly dependent
on time and task [70]. Indeed, different tasks could lead to completely different effects on
the same joint [121, 214], thus making a general discussion of fatigue effects impossible.
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Therefore, with this study, we attempted to correlate how different components of wrist
function are affected by the same fatigue task, focusing on their changes and recovery over
time.

Because the ability to exert active muscle work, sensory abilities, and biomechanical
properties are involved in the motor control of the wrist [74, 95], assessment of fatigue-related
changes in these components is critical to discussing wrist performance as a whole. We
hypothesized that maximal voluntary isometric contraction, joint biomechanical properties,
and position sense would show fatigue-related changes, particularly soon after the end of the
task. However, these changes were difficult to predict because of the considerable variability
in the studies found in the literature.

7.2 Preliminary study

Published on the 43rd Annual International Conference of the IEEE Engineering in

Medicine and Biology Society (EMBC), 2021

This preliminary study aimed to identify specific features that should be monitored to meet
the conditions of a repeatable and strongly controlled submaximal, dynamic fatiguing task.

7.2.1 Materials and methods

Participants

Nine healthy, right-handed volunteers were recruited into the experimental protocol, approved
by the ethical committee of Liguria Region (n.222REG2015), under the Declaration of
Helsinki and all of them signed informed consent.

Experimental setup and protocol

The experimental setup involved the WristBot (see Chapter 4), equipped with a grip sensor
on its robotic handle to measure wrist force intensity. During the experimental protocol,
sEMG signals of two pairs of forearm flexor (Flexor Carpi Radialis: FCR, Flexor Digitorum
Superficialis: FDS) and extensor (Extensor Carpi Radialis: ECR, Extensor Digitorum: ED)
muscles were recorded using Ag/AgCl bipolar electrodes with a sampling rate of 2048
Hz (OTBioelectronics Quattrocento). The kinematics, torques, and sEMG signals were
synchronized by a trigger signal from the robotic device to the sEMG system to correlate
muscle activation to the corresponding movement.
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First, we recorded the maximum grip force (gripKg) exerted by the subjects on a hand-
held hydraulic dynamometer. After this assessment, subjects sat next to the WristBot, with
their right forearm strapped to the robot via VELCRO®straps. They were blindfolded to
reduce their cognitive load for the duration of the experiment. While grasping the sensorized
robotic handle, subjects were asked: 1) to exert their maximum grip force (gripV ) and 2)
to perform their maximum voluntary isometric wrist contraction along the flexion (MVC f )
and extension (MVCe) directions. After that, the fatigue task began (see next section for
more details). After the fatigue task, subjects performed the same maximum contractions,
including MVC f , MVCe, and maximum grip force on both the robot handle and the hand-held
hydraulic dynamometer. Lastly, we asked subjects to rate their perceived level of fatigue on a
scale from 0 (“no fatigue”) to 10 (“extreme fatigue”). The same subjects repeated the entire
experiment in two sessions (test and retest) separated by at least 6 hours.

Fatigue task

The fatigue task consisted of continuous reaching movements along the FE DoF (Fig. 7.1).
These movements were performed in a viscoelastic force-field emulated by the robotic device.
Specifically, starting from the neutral wrist position, subjects were asked to perform flexion
movements to reach targets at θ f = 45°. Subjects were blindfolded; thus, targets were
perceived as haptic walls: the instruction was to reach the target as fast as possible. The
viscoelastic force was implemented as a virtual spring, and it opposed flexion and facilitated
extension movements to the neutral posture. The stiffness of the virtual spring was chosen to
tailor the force on the target (θ f = 45°) to be 60% of each subject’s wrist maximum voluntary
contraction in flexion (MVC f ). The sEMG signals of FCR were band-pass filtered (10-450
Hz) for each flexion movement, and the corresponding mean frequency (MF) was computed.
The novelty of this study consists of using an implemented real-time algorithm that detected
when the MF of FCR of two consecutive movements fell below 50% of the maximum MF
reached during the fatigue task.

7.2.2 Data analysis

Kinematic data from the robotic device were processed by a 6th order Savitzky-Golay low-
pass filter, while raw sEMG data of all muscles were band-pass filtered (10-350 Hz) with
a 2nd Savitzky-Golay filter. sEMG data were segmented according to the trigger signal to
focus the analysis on the concentric phase of the flexion movements (N). For each obtained



7.2 Preliminary study 69

Figure 7.1 The schematic representation of the experimental protocol. In the fatigue task,
vertical lines identify the haptic walls perceived by the subjects.

segmentation, a single value of mean frequency (MF) was derived, and thus, for each subject
and each muscle, we obtained N values of MF.

We looked at the following critical measures and their changes before, during, and after
the fatigue task:

1. maximum grip force exerted on both the sensorized handle (gripV ) and a hand-held
dynamometer (gripKg)

2. maximum voluntary isometric contraction in flexion (MVC f ) and extension (MVC f )
in Newtons, calculated as the ratio of the current delivered by the robotic control unit
and the corresponding lever arm of the robotic handle

3. maximum voluntary excitation (MVE), i.e. the maximum sEMG amplitude in µV .

In the concentric phase of the flexion movements during the fatigue task, we focused on
the mean velocity (vmean), the time to velocity peak ratio (TPR), i.e., the ratio of time to peak
velocity to the total duration of the movement [189], the amplitude (RMS) and the spectral
(MF) analysis of all muscles. Additionally, we computed a muscle co-contraction index
(CCI) [154] of the lowest and highest normalized sEMG signals of each agonist-antagonist
muscle pair (FCR-ECR, FDS-ED for flexion movements). For each subject, these variables
were calculated as the mean value in three different intervals of the duration of the fatigue
task, i.e., at 0-25% (I), 25-75% (II), and 75-100% (III) of the entire duration of the task.
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Statistical analysis

Given the small sample size, we chose non-parametric tests for the analysis. A Wilcoxon
signed-rank test was used for the comparison of test vs retest outcome measures and the
evaluation of the same metrics pre- and post- fatigue tasks. Additionally, we analyzed
changes related to the measures assessed during the fatigue task. A Friedmann Repeated
Measures were used to assess the difference among the values of each variable computed in
the three task intervals (I, II, and III). In case of significant differences (p < 0.05), pairwise
Bonferroni-corrected Durbin tests were performed. The presence of any relation between
dynamic changes among different variables was assessed by running a Spearman correlation
(r). The dynamic changes for each variable were calculated as the value ratio in the final
interval (III) to the value in the first interval (I). A correlation was considered excellent if
the |r| was >0.60. Jamovi Statistical Data Analysis tool (JSDA, version 1.6.23) was used to
conduct statistical analysis.

7.2.3 Results

Repeatability

Test repeatability was assessed by means of Wilcoxon signed-rank tests on the same metrics
assessed in the first session (test session) with those in the second one (retest session), both
pre and post the fatigue task (Fig. 7.2). MVC f , MVCe and gripKg did not present significant
differences between test and retest, both pre (MVC f W = 33.0 p = 0.25; MVCe W = 39.0 p =
0.06; gripKg W = 25.0 p = 0.36) and post (MVC f W = 30.0 p = 0.43; MVCe W = 32.0 p =
0.30; gripKg W = 18.5 p = 1.00) the fatigue task. Differently, gripV differed significantly
between test and retest session only in the post-fatigue assessment (pre: W = 11.0 p = 0.20,
post: W = 4.0 p = 0.03), that presented stronger forces exerted in the retest session. MVE
did not show presence of significant difference between test and retest sessions.

Pre- and post- fatigue assessment

Regarding the analysis of the same results, focusing on the pre- vs post-fatigue comparison,
we chose to limit the analysis to the first session performed by each subject (test session).
Results of Wilcoxon signed-rank test did not reveal a significant decrease in the maximal
force produced during the isometric task both in flexion (MVC f W = 28.0 p = 0.57) and in
extension (MVCe W = 21.0 p = 0.91). Interestingly, the assessments of grip force revealed a
significantly reduced grip force after the fatigue task, when assessed by both the dynamometer
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Figure 7.2 MF percentage values of FCR, during flexion (Panel A) and of ECR, during
extension (Panel B) in each trial of the fatigue task, in both test and retest sessions (Subject
1).

(gripKg W = 44.0 p = 0.01) and the custom-made grip sensor (gripV W = 5.0 p = 0.04). The
median decrease of grip force among subjects was 9.3% on the dynamometer and 18.9%
on the embedded sensor. MVE did not show a significant difference between pre- and
post-assessment. Additionally, the average rate of perceived level of fatigue was 8.3, with a
minimum and maximum value of 6 and 10, respectively.

Assessment during Fatigue Task

Regarding the analysis of dynamic changes in the outcomes assessed in the concentric phase
of the flexion movements during the fatigue task, we focused only on the test session data.
Results of Friedmann Repeated Measures for the kinematics data revealed no significant
differences in the mean velocity and time to velocity peak ratio among the three task intervals
(vmean: χ2 = 5.2 p = 0.07; TPR: χ2 = 2.2 p = 0.33). Differently, the assessments of grip force
revealed a significant increase in grip force from the first to the last phase of the fatigue task
(gripV χ2 = 6.2 p = 0.04; I-III: p = 0.04). On the other hand, considering sEMG outcomes,
the Friedmann Repeated Measures test did not reveal significant differences across the fatigue
task only for MFECR (χ2 = 1.6 p = 0.46) and RMSECR (χ2 = 1.6 p = 0.46), while all the other
measures changed significantly during the fatigue task. In particular, the mean frequency
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of FCR, FDS and ED decreased during the fatigue task: MFFCR (χ2 = 16 p < 0.001; I-II:
p<0.001, II-III: p<0.001, I-III: p<0.001), MFFDS (χ2 = 18 p < 0.001; I-II: p<0.001, II-III:
p<0.001, I-III: p<0.001), MFED (χ2 = 7.8 p = 0.02; I-III: p=0.01). Root mean square of
FCR, FDS and ED increased during the fatigue task: RMSFCR (χ2 = 16 p < 0.001; I-II:
p<0.001, II-III: p<0.001, I-III: p<0.001), RMSFDS (χ2 = 18 p < 0.001; I-II: p<0.001, II-III:
p<0.001, I-III: p<0.001), RMSED (χ2 = 11 p = 0.004; I-III: p<0.001) and the cocontraction
indexes increased from the first to the last phase of the fatigue task: CCIFCR,ECR (χ2 = 6.9 p
< 0.03; I-III: p=0.02), CCIFDS,ED (χ2 = 9.6 p = 0.01; I-III: p=0.02). Finally, the Spearman
correlation test revealed a significant (p<0.05) and excellent correlation between CCIFCR,ECR

- MFFCR (r = - 0.8); CCIFDS,ED - MFFDS (r = -0.76); vmean - gripV (r = 0.93). The average
duration of the fatigue task was 85 s, with a minimum and maximum value of 45 s and 165 s,
respectively.

7.3 Main study: wrist functional changes after fatigue

Published in Frontiers in Human Neuroscience, 2022

The preliminary study showed that a robotic device releasing a fatigue task could provide
accuracy and repeatability in timing, postures, and resulting measurements. However,
results showed that grip force was the variable most affected by the fatigue task, likely
as a compensatory mechanism. Therefore, to ensure greater repeatability of experimental
conditions across subjects and sessions, the need arose to control the grip force held during the
protocol. Based on this finding, in the fatigue task implemented next, we introduced acoustic
feedback to alert subjects if their grip force exerted on the robotic handle was changing.
The normal range of the grip percentage to be held during the fatigue task was chosen by
analyzing the average grip force exerted by the subjects during the preliminary study, where
grip force was an uncontrolled variable. In addition, other limitations also emerged from
the previous study: the need to warm up the subjects’ muscles before the fatigue task and
fatigue the muscles evenly throughout the length of the movements. Therefore, we changed
the mode of fatigue delivery from viscoelastic force field to constant torque and introduced a
warm-up session as the first session of the experimental protocol.

The current study investigated functional changes in the wrist joint after a fatigue task:
we used the experimental setup described in the previous paragraph with the experimental
protocol of the dynamic fatigue task improved by the limitations mentioned above.
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7.3.1 Materials and methods

Participants

Fourteen right-handed volunteers (11 females; 27 ± 2.9 years of age) were recruited into the
experimental protocol. All participants had no history of neurological disorders or previous
wrist injuries. Before taking part in the study, each participant signed an informed consent
form. The experimental protocol was performed at the Motor Learning, Assistive, and
Rehabilitation Robotics Lab of the Istituto Italiano di Tecnologia and was approved by the
local ethical committee of the Liguria Region (n. 222REG2015), following the Declaration
of Helsinki principles.

Experimental setup and protocol

The experimental protocol included two sessions (SMECH and SPERC) randomized on two
different days and briefly presented in Fig. 7.3. During each session, the right forearm was
equipped with bipolar electrodes over the muscle bellies of FCR, FCU, and ECR and laid
on support while the hand grasped the robotic handle. On both experimental days, they
performed a 2-minute warm-up task. This warm-up task consisted of moving the robotic
handle to follow a target moving on the screen along a Lissajous path, with low-level resistive
forces (5N) opposing the motion. The daily session of the experimental protocol began
immediately after that. Subjects were blinded from that point forward to reduce cognitive
load and ensure comparable conditions between the two sessions.

Both sessions (SMECH and SPERC) were performed entirely with the robotic device and
included an initial (pre-fatigue) assessment (PRE), a fatigue task, and four post-fatigue as-
sessments (POST 1-4). Each assessment phase (PRE, POST 1-4) evaluated both performance
in exerted forces and a specific component related to wrist function. This latter depended on
the daily session chosen (SMECH or SPERC) by randomization, and it was either the evaluation
of wrist biomechanical properties (SMECH) or the assessment of wrist position sense (SPERC).
During each force assessment, subjects were asked to exert their maximum grip force on the
sensor wrapped around the robotic handle and perform two repetitions of their maximum
voluntary isometric wrist forces in flexion and extension directions. The force assessment
lasted about 30 s.

During SMECH , subjects were exposed to controlled displacements in the flexion-extension
direction of the wrist, and their wrist biomechanical properties were assessed through the
mechanical impedance model of the joint (see Chapter 5-6). These external displacements
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were characterized by a small amplitude (10°) and high velocity (100°/s), causing the wrist
joint to rotate from an extended to a flexed posture for flexion displacements and vice versa
for extension displacements. Throughout this assessment, subjects were instructed not to
intervene or resist the perturbation and assume a natural grasping posture. During SPERC, we
tested the ability to perceive the wrist position with an active paradigm. Subjects actively
moved the end-effector towards flexion from a neutral position (0°) until they haptically
perceived the target position as a virtual wall (criterion movement); then, after being returned
by the robot to the neutral position, they had to replicate the previously assumed joint config-
uration, in the absence of the target virtual wall (matching movement). Each position sense
assessment involved 12 targets, randomly chosen positions using a gaussian distribution
centred at 15° (±1°) from the neutral position. The temporal duration of both assessments
(SMECH and SPERC) was comparable (~2.5 min each).

During the fatigue task, subjects were asked to perform continuous reaching movements
along the FE DoF against a constant force delivered by the robotic device. This resistive
torque opposed flexion movements and facilitated extension movements towards the neutral
position. It was tailored to 60% of each subject’s wrist maximum voluntary contraction
in flexion assessed in PRE. Starting from the neutral wrist position, subjects had to move
their wrist as fast as possible towards being placed at 45° in flexion. Since subjects were
blindfolded, targets were perceived through haptic walls and audible feedback. At the end
of each trial, three sounds could be presented to subjects: a “beep”, a “hold”, or a “release”
warning. These latter two alerting subjects to slightly modify their grip on the sensorized
handle because it fell outside the range of [70-80] % of their maximum grip force exerted in
PRE. This range of percentages of grip held during the fatigue task was chosen by analyzing
data collected in our previous study. Although no grip constraint was given to subjects during
that previous study, we detected that, when performing the fatigue task, on average, subjects
naturally grasped the handle within that range of force. We chose to control for this condition
for the present study to ensure further repeatability of experimental conditions across subjects
and sessions. Specifically, the “hold” feedback occurred when the grip was less than 70%
of the maximum grip force exerted in PRE, warning the subject to increase the grip on the
robotic handle; the “release” feedback occurred when the grip was greater than 80% of the
maximum grip force exerted in PRE, suggesting the subject reduce the grip.

For each completed flexion movement, the sEMG signals of the flexors were band-
pass filtered (10-450 Hz) and the corresponding mean frequencies computed. A real-time
algorithm was implemented to detect when, after each flexion movement, the mean frequency
of either FCR or FCU dropped below 60% of the maximum mean frequency during the
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Figure 7.3 The schematic representation of the experimental protocol. Both sessions (SMECH
and SPERC) were performed by each subject on two different days in a random order. In both
sessions, the warm-up session and the fatigue task were repeated.

fatigue task. When the desired threshold was achieved on two consecutive movements, the
robot received a trigger signal, and, as soon as subjects were back to the neutral position, the
task terminated automatically. The 60% threshold was chosen as the value that ensured all
subjects finished the fatigue task and guaranteed a task duration of maximum few minutes.
Immediately following the fatigue task, subjects were asked to perform either the assessments
of both forces and wrist biomechanical properties (SMECH) or the assessments of both forces
and wrist position sense (SPERC). This assessment (POST 1) was repeated three more times
(POST 2-4), with a 30-second rest time between them. From PRE to POST 4, the entire
protocol lasted less than 20 minutes. Finally, during the first rest, we tested whether subjects
perceived the fatigue task as exhausting by asking them to rate their perceived level of fatigue
on a scale from 0 (“no fatigue”) to 10 (“extreme fatigue”).

7.3.2 Data analysis

Joint angular displacements and grip sensor signals were filtered with a 6th order Savitzky-
Golay filter (10 Hz cut-off frequency), while raw sEMG data were band-pass filtered (10-450
Hz) with a 2nd order Savitzky-Golay filter.

The data collected in the force assessments and during the fatigue task recorded in both
experimental sessions (SMECH , SPERC) were pooled. We focused on the analysis of the
following measurements across the different phases (PRE, fatigue task, POST 1-4) of the
experimental protocol:
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• During the fatigue task, we measured the root mean square (RMS [mV]) and the
mean frequency (MF [Hz]) of the sEMG signals for each flexion movement. Since
each subject performed a different number of trials, we resampled both outcome
measures to have 100-time points for each subject, and we fitted these distributions
with a 1st polynomial function (y = px+ c). Concerning fitting parameters, we were
interested in r2, as a measure of goodness of fit, and the slope (pMF [mV/sample] or
pRMS[Hz/sample]), as a metric to compare the rate of change over samples of MF
or RMS in different muscles in the same subject. Since we were not interested in
comparing raw MF and RMS values but only their slopes, each subject’s data was not
normalized before fitting.

• During each force assessment (PRE, POST 1-4), we measured:

1. change in maximum grip force exerted on the sensorized handle (% of maximum
from the initial (PRE) grip force)

2. isometric maximum voluntary contractions (MVC) for wrist flexion and extension,
measured in Newton and computed as the ratio of the current delivered by the
robotic control unit and the corresponding lever arm of the robotic handle

3. RMS and MF of the sEMG signals during both maximum voluntary isometric
contractions

• For the extraction of the biomechanical properties of the wrist assessed during PRE
and POST 1-4 of SMECH , we used a linear second-order mass-spring-damper model of
the wrist joint that includes the moment of inertia (I [kgm2]) and the corresponding
biomechanical properties of the human wrist joint: viscosity (B [Nms/rad]) and stiffness
(K [Nm/rad]) parameters (Eq. 10; refer to the Chapter 5-6)

Statistical analysis

Shapiro-Wilk Tests verified the normality of the data measured during each force assessment.
As a result, two-way repeated-measures ANOVAs were chosen to evaluate differences for
the measurements (grip, MVC, RMS, MF) across assessments (PRE and POST1-4) and
sessions (SMECH , SPERC). Two-way repeated-measures ANOVAs were used to compare
slopes of fitting functions (pRMS, pMF ) computed for each muscle (FCR, FCU, ECR) and
session (SMECH , SPERC) during the fatigue task. In the presence of statistical significance
(p<0.05), post-hoc pairwise comparisons corrected with Tukey were used to investigate
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where differences persisted. To test the influence of fatigue and displacement direction on
the biomechanical parameters (K and B), we performed a mixed-effects model with K (and
B) as the dependent variable, direction and index of assessments (PRE and POST1-4) as
independent variables, and subject as the random factor. We performed statistical analysis
using the Jamovi Statistical Data Analysis software (JSDA, version 1.6.23).

7.3.3 Results

Fatigue task

On average, the fatigue task lasted 78 ± 26 s, for a total of 63 ± 20 flexion movements
performed until the algorithm detected fatigue and terminated automatically. Subjects’ mean
rate of perceived fatigue was 8 ± 0.7 out of 10. Fig. 7.4 shows MF (Panel A) and RMS (Panel
B) percentage mean values and standard deviations of all muscles, computed during each
flexion movement, resampled to 100 points. Fitting MF resampled data of each subject with
1st order polynomial functions, we found average r2 values of 0.70, 0.52 and 0.50 for FCR,
FCU and ECR, respectively. Slopes of fitting functions (1st order polynomial functions)
helped us to understand which muscle presented the fastest rate of fatigue: average slope
values for MF fittings were, pMF = -0.26 Hz/sample for FCR, pMF = -0.21 Hz/sample for
FCU and pMF = -0.20 Hz/sample for ECR. Since statistical methods reported a significant
difference among muscles (F = 7.80, p = 0.002), we concluded that the decrease in MF
was faster in the FCR muscle (FCR vs FCU: T = -2.92, p = 0.030; FCR vs ECR: T =
-2.86, p = 0.034). Concerning RMS, r2 was 0.60 for FCR, 0.60 for FCU and 0.61 for ECR.
Slopes, which indicate how fast the RMS increased, were pRMS = 1.6*10-3 mV/sample for
FCR, pRMS = 1.3*10-3 mV/sample for FCU and pRMS =1.2*10-3 mV/sample for ECR. Both
pMF and pRMS showed no statistically significant difference between either session (SMECH ,
SPERC) or the interaction between sessions and muscles (FCR, FCU, ECR).

Force assessment

There was no significant difference in maximum isometric extension force across the POST
conditions. However, there was a decrease in the maximum grip force (F = 6.23, p < 0.001)
and the maximum isometric flexion force (F = 3.67, p = 0.010). Grip force decreased from
POST1 to POST4 (T = 3.51, p = 0.039), while isometric flexion force significantly decreased
from PRE to POST2 and then recovered back to PRE values (T = 3.19, p = 0.046). Given this,
we analyzed sEMG data during these isometric assessments. We investigated the frequency
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Figure 7.4 Mean and standard deviation of the sEMG results of the three recorded muscles.
For each subject, MF (Panel A) and RMS (Panel B) calculated for each flexion movement
were resampled over 100 points and presented as a percentage of their maximum.

content and the amplitude changes, which may identify fatigue and recovery. Both flexor
muscles presented a significant decrease in MF immediately after the end of the fatigue task
(FCR: F = 58.74, p < 0.001, POST1 vs each assessment p < 0.001; FCU: F = 23.84, p < 0.001,
POST1 vs each assessment p < 0.001), and a concurrent slight increase in RMS, followed by
a decrease in the assessments subsequent to POST1 (FCR: F = 5.56, p < 0.001, POST1 vs
POST2 T = 4.08, p = 0.009, POST1 vs POST3 T = 3.70, p = 0.019; FCU: F = 5.61, p < 0.001,
POST1 vs POST4 T = 3.56, p = 0.024). Interestingly, despite no significant decrease in
isometric extension force, the extensor muscle showed the same trend: a significant decrease
in MF immediately after the end of the fatigue task (F = 28.06, p < 0.001, POST1 vs each
assessment p < 0.001) and a slight increase in RMS at POST1, with a following decrease
until POST4 (T = 5.21, p < 0.001, POST1 vs POST4: T = 3.30, p = 0.039). On the other hand,
all muscles presented no specific trend of frequency and amplitude change in assessments
performed in extension.
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Figure 7.5 Mean and standard error of the K calculated in flexion (yellow) and extension
(blue) directions. K significantly decreased from PRE to all post-fatigue assessment sessions,
showing a more significant decrease in flexion than in extension direction. Significant results
(p < 0.05), after post-hoc analysis, were marked with "*".

Biomechanical Properties of the Wrist Joint

The Mixed Model of the stiffness values revealed a significant effect of both assessment
(F = 19.20, p < 0.001) and direction (F = 16.62, p < 0.001). Corrected post-hoc analysis
showed that stiffness decreased significantly after fatigue (PRE vs POST1: T = 3.21, p =
0.013; PRE vs POST2: T = 7.12, p < 0.001; PRE vs POST3: T = 7.0, p < 0.001; PRE vs
POST4: T = 6.01, p < 0.001; POST1 vs POST2: T = 3.99, p<0.001; POST1 vs POST3: T =
3.84, p = 0.001; POST1 vs POST4: T = 2.88, p = 0.04) and did not return to pre-fatigue at
the end of the experiment (approximately 12 minutes after the fatigue task). Furthermore, a
corrected post-hoc analysis showed that stiffness measured in the flexion direction decreased
significantly more than in extension (T = 4.08, p < 0.001), both starting from pre-fatigue
values that were not significantly different between directions. In both directions, the lowest
values were reached during the POST2 assessment (approximately 4 minutes after fatigue,
Fig. 7.5): in flexion, the stiffness reduced from 0.516 Nm/rad in PRE to 0.369 Nm/rad (-
26%); in extension, the stiffness reduced from 0.562 Nm/rad in PRE to 0.429 Nm/rad (-
21%).

Concerning the viscosity parameter, the mixed model results revealed a significant effect
of both assessment (F = 4.67, p < 0.001), direction (F = 20.12, p < 0.001) and an interaction
between these two outcomes (F = 5.70, p < 0.001). A corrected post-hoc analysis confirmed
the effect of assessment sessions on the viscosity parameter (PRE vs POST1: T = 3.12, p
= 0.019; PRE vs POST2: T = 3.71, p = 002; PRE vs POST4: T = 3.46, p = 0.006). In
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Figure 7.6 Mean and standard error of the B calculated in flexion (yellow) and extension
(blue) directions. B in flexion significantly decreased from PRE to all post-fatigue assessment
sessions (the significant results after post-hoc analysis, marked with "*", refer to the B in flex-
ion: yellow line), whereas B in extension showed a tendency to increase (non-significantly)
after fatigue.

detail, immediately after the fatigue task, a slight decrease in viscosity was detected, which
then returned to the pre-fatigue value at the end of the experiment (approximately 12 min
after the fatigue task). Further, we investigated the effect of direction on viscosity (Fig. 7.6).
Pre-fatigue viscosity did not change with the direction; whereas, after the fatigue task, the
behavior of viscosity changed with the direction (T = 4.49, p < 0.001): viscosity measured in
flexion significantly decreased after fatigue (PRE vs POST1: T = 5.22, p < 0.001; PRE vs
POST2: T = 5.33, p < 0.001; PRE vs POST3: T = 4.98, p < 0.001; PRE vs POST4: T = 4.98,
p < 0.001) whereas viscosity measured in extension showed an increasing (not significant)
tendency immediately after fatigue.

In addition, the mean force exerted by subjects grasping the robotic handle decreased
across the different assessment sessions (F = 44.7, p < 0.001). In particular, the grip force
decreased significantly from 29.4% MVC in PRE to 25.8% MVC, 20.6% MVC and 18%
MVC in POST1 (T = 5.00, p < 0.001), POST2 (T = 9.73, p < 0.001) and POST3 (T = 11.3, p
< 0.001), respectively, and then remain at 18% MVC in POST4.

7.3.4 Discussion

These works aimed to design an appropriate fatigue task to study the effects over time
of forearm muscle fatigue on wrist functions, such as voluntary maximum isometric flex-
ion/extension contractions, biomechanical properties, position sense, and the relationship
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between changes in these components. These measures were evaluated quantitatively using a
robotic device before and at four-time points after the fatigue task implemented using the
same robotic device. The specific fatigue task consisted of a short-term submaximal dynamic
task where the wrist robot generated a torque opposing flexion movements. Notably, the
employment of the robotic device during the entire protocol was able to assure accuracy and
repeatability in timings, postures, and, consequently, resulting measures. Acoustic feedback
was introduced to alert subjects if their grip on the robotic handle was changing during the
task.

Throughout the experiment, sEMG activity of three forearm muscles (two flexors: FCR,
FCU, and one extensor: ECR) was recorded. A novelty of the protocol was that the fatigue
task was not terminated by a subjective estimate of fatigue but by an objective evaluation of
fatigability. Fatigability was defined when the MF of either flexor muscle fell below a fixed
threshold. To verify which muscles were targeted by fatigue, we studied the behaviour of all
three muscles throughout the fatigue task in terms of MF and RMS amplitude. Consistently
with the literature on the identification of the fatigue state [160], we found a decreasing trend
in MF and an increasing trend in RMS in all three muscles from the beginning to the end of
the task. Assessing the change in MF and RMS, FCR was the most affected flexor muscle,
presenting a faster rate of change than FCU. It is known that fatigue resistance is significantly
influenced by muscle composition: muscles composed of slow-twitch (ST) fibres possess a
greater resistance to fatigue than those containing primarily fast-twitch (FT) [17, 69, 139].
Because of a paucity of studies about fibre composition in human wrist muscles [178, 187],
we can only speculate that our results may be due to a greater quantity of FT fibres in FCR
than in FCU. Another possible explanation could be related to differences in muscle lines of
action: as described by [20], the pulling direction of FCR is closer to pure flexion than FCU,
thus partly explaining the greater involvement of FCR in the task.

Interestingly, the fatigue task resulted in fatigue of both flexors and extensors, even
though they were undergoing two different muscle contractions due to the direction of the
torque. Indeed, the muscle work was designed to oppose the resistive torque in flexion: this
contraction was concentric for the flexors and eccentric for the extensors. Both contractions
resulted in changes in MF and RMS of the muscles, but the most significant changes were
found in the fatigued muscles under concentric contractions, which confirms previous results
found for concentric and eccentric upper limb fatigue exercises [157]. Furthermore, although
the fatigue task was designed to evoke fatigue in the flexors, the extensor, which acts as a joint
stabilizer, is active during flexion (and grip), which partially explains why it showed some



7.3 Main study: wrist functional changes after fatigue 82

signs of fatigue. The literature has shown that extensor involvement increases significantly in
dual tasks, such as performing a flexion movement while grasping a handle [86].

Force Assessment

There was a decrease in isometric flexion force at approximately 4 minutes after the fatigue
task, whereas isometric extension force did not change during post-fatigue assessments.
Alterations in ion concentration, particularly peaks in blood lactate concentration [242],
have been shown to cause impairment in the function of contractile proteins required to
generate muscle forces [10, 82]. Indeed, previous works [240, 243] found that after both
maximal [243] and submaximal [240] resistance exercise, the greatest peak in blood lactate
concentration is approximately 3-4 minutes after fatigue, thus explaining why changes in
force were not found immediately after the task. In addition, the lower lactate peaks found
after eccentric exercises [157] could partially explain why the fatigue task performed did not
demonstrate a decrease in isometric extension force.

Looking at the recorded muscle activity, we reported a decrease in MF and an increase
in RMS immediately after fatigue. However, both returned to baseline values within 4 min
after the end of the task. The reason for the increase in the amplitude of sEMG signals
is related to an increase in both motor unit recruitment and changes in discharge rates to
compensate for the decline in force generation of muscle fibres [256]. The decrease in MF is
partially related to biochemical alterations that impair contractile function and decrease force
production. However, changes in the sEMG signal were evident before the changes in force
(POST1 vs POST2). The biochemical distribution of ions results in alterations in membrane
excitability and, consequently, in the conduction velocity of the action potential. Although
conduction velocity is a factor influencing the shift toward lower frequencies, previous work
has found that the decrease in median frequency exceeds the decrease in conduction velocity
[135, 136]. Another factor contributing to the shift toward lower frequencies is motor unit
(MU) synchronization [26, 130]: we speculate that this additional contribution may have led
MF to decrease and recover faster than forces.

Biomechanical Properties of the Wrist Joint

The results showed that the fatigue state affects the biomechanical properties of the wrist
joint. Specifically, calculated stiffness in both directions decreased significantly after fatigue.
This result is consistent with the literature, with two possible explanations suggested from
muscle physiology: 1) the inability of sarcomere cross-bridges to generate the same amount
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of force as they had before fatigue [144] and 2) a change related to intramuscular temperature
as a consequence of fatigue [37, 167]. However, the calculated stiffness in the flexion
direction decreased significantly more than that in extension, and the choice of direction
to fatigue, namely the flexion direction, probably explains this difference. In both cases,
the lowest stiffness was reached approximately 4 minutes post-fatigue, where the MVC of
isometric force in flexion had the most significant decrease from the pre-fatigue value. This
decrease in isometric force production could be attributed to the higher peak of blood lactate
concentration after fatigue. Interestingly, stiffness did not recover the pre-fatigue value at the
end of the experiment, at approximately 12 minutes after the end of the fatigue task. This
result is supported by the results of other work that has shown that the thixotropic properties
of the muscle affected by fatigue return to control levels approximately within 60-90 minutes
[144]. Finally, we also found that subjects’ natural grip force on the robotic handle decreased
during assessments. This result is in agreement with our previous study, where we showed
that lower grip force corresponds to lower stiffness [74].

On the other hand, viscosity showed different behaviour with respect to the directions. In
the pre-fatigue state, the viscosity calculated in flexion and extension did not differ, whereas
after fatigue, the viscosity measured in the flexion direction decreased, and the viscosity
measured in the extension direction increased. We did not find much work studying viscosity
after fatigue and no work differentiating viscosity based on directions. Some researchers
[37, 48, 261] showed that after a fatigue task, the viscosity increased, which may be related
to a reduction in muscle fibre relaxation and a lower cross-bridge detachment rate, thus
affecting muscle function. One possible explanation for why only viscosity measured in
extension increased after fatigue could be that, for our specific fatigue task, the extensor
was fatigued eccentrically while the flexors were fatigued concentrically. As reported in the
literature, fatigue in eccentric contractions causes more profound changes in some aspects
of muscle function than concentric contractions [193]. Indeed, eccentric contractions have
been shown to significantly affect the contractile properties and force-generating abilities
of muscles and cause delayed-onset pain. This occurs because few muscle fibres generate
high forces, and transmission of these forces to non-contractile tissues causes subsequent
mechanical damage. Conversely, a decrease in viscosity, as occurred in flexor muscles after
fatigue, may occur as a result of movement, inducing a reorganization of the more mobile
constituents of muscle tissue, such as polysaccharides and water [179].
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Biomechanical properties and position sense reciprocal influence

This work is the first study to propose a repeatable protocol to investigate how the same
fatigue task affected different components of wrist function, assessed at the same time points.
For this reason, it is worth giving an overview of the findings on the sense of position and
discussing how the results found in biomechanical properties and sense of position may be
related to each other.

There was no statistically relevant change in joint position sense when inspecting the
overall changes occurring from PRE to POST4. However, limiting the analysis to pairwise
comparisons between PRE and each post-fatigue assessment, we found significantly reduced
errors in matching target positions 4 minutes after the end of the fatigue task (POST2). This
increase in accuracy is in agreement with the findings of Mugnosso et al. [190], whose testing
protocol aimed to fatigue the wrist flexor muscles and resulted in post-fatigue matching
positions closer to the target in flexion. The decrease in joint stiffness found after fatigue may
also be associated with the improvements in the positional sense noted. Indeed, as suggested
by Ju et al. [118], lower stiffness implies less interference when actively repositioning the
joint during the matching phase.



Chapter 8

Stretch reflexes analysis

Because during all our experimental protocols, we exposed subjects to angular displacement,
reflex sEMG components played an important role. Indeed, due to mechanical angular
perturbation, muscle spindles that are receptors for stretch reflexes are stimulated. This
chapter will try to answer the experimental question of whether and how the short- and long-
latency stretch reflex responses of sEMG signals from forearm muscles could be affected
by some experimental conditions in the following two studies. The first study investigated
how muscle fatigue influenced the stretch responses of the involved forearm muscles using
the experimental protocol described in Chapter 7. The second is a modification of the
experimental protocol designed to estimate the biomechanical properties of the wrist joint
presented in Chapter 5. Specifically, this is an evaluation protocol designed to study how
the sEMG signals of the forearm muscles responded to sudden expected and unexpected
position-controlled perturbations. This study aimed to investigate whether anticipation of
a perturbation enhanced or attenuated each of the sEMG reflex components elicited in
the forearm muscles. In addition, the experimental protocol was slightly modified to still
approximate most experimental protocols for estimating wrist biomechanical properties
found in the state-of-the-art.

8.1 Stretch reflex analysis of the fatigue task

Published in Frontiers in Human Neuroscience, 2022
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8.1.1 Introduction

This chapter presents a further analysis of the experimental protocol presented in Chapter 7.
While the previous chapter analyzed fatigue-induced changes in the intrinsic biomechanical
properties of the human wrist joint, in this chapter, we sought to investigate the mechanisms
underlying fatigue compensation. Specifically, it was found that joint stiffness is significantly
reduced after a fatigue task. In the state-of-the-art, this condition is generally accompanied
by an increase in the amplitude of the sEMG signals due to the increased recruitment of
motor units and firing rates required to compensate for contractile failure [181]. Notably,
these increased sEMG responses show that compensation is mediated at the neural level
[128].

Despite significant advances in muscle fatigue research, it remains unclear how neuro-
muscular fatigue mechanisms function for forearm muscles and whether they differ between
muscles experiencing concentric or eccentric fatigue. Accordingly, our goal in this study was
to investigate fatigue-induced changes in the stretch reflex responses of all recorded muscles
by closely monitoring recovery time from the fatigue task. Specifically, sequences of angular
displacements along the FE DoF of the wrist joint were applied to estimate the compensatory
actions taken by the reflex pathways to reduce the impact of fatigue.

8.1.2 Materials and methods

Since this analysis is based on the data collected during the administration of the experimental
protocol described in the previous chapter (see Chapter 7 for a more detailed description
of the protocol), briefly, wrist-specific functions were quantitatively assessed before and
at four-time points after a fatigue task implemented by the robotic manipulator (PRE and
POST1-4). Specifically, during the SMECH session, the wrist joint was subjected to controlled
displacements in the flexion-extension direction delivered by the robot. These external
displacements were characterized by small amplitude (10° from the neutral position) and
high velocity (100°/s). Subjects were instructed not to intervene or resist the perturbation
during the evaluation and assume a natural grasping posture. In addition, we recorded the
sEMG signals of three forearm muscles (FCR, FCU, ECR) throughout the experimental
session.
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8.1.3 Data analysis

Stretch reflex analysis

The reflex responses (within 100 ms from the onset of the displacement) of the stretched
muscle were analyzed, i.e., reflex responses of the flexor muscles during position-controlled
extension movements and vice versa for the extensor muscle. The sEMG signals were
band-filtered (20-250 Hz, two-pass) with a Savitzky-Golay filter of order 2nd , full-wave
rectified and normalized with respect to the average activity during 200 ms before the onset
of the perturbation [215]. In addition, we shifted the sEMG signals by a fixed delay of 10
ms, which was the time required for the onset of hand acceleration after the delivery of the
perturbation. We measured muscle activity of selected muscles in five temporal epochs from
the onset of each displacement: BASE (<100 ms): baseline; R1 (20-45 ms): short-latency
reflex; R2 (45-75 ms): medium-latency reflex; R3 (75-105 ms): long-latency reflex; VOL
(120-180 ms): voluntary response [215].

Statistical analysis

For each sEMG signal, a mixed-effects model was used to test the influence of fatigue and
how muscle activity changes across the chosen temporal epochs. In particular, we considered
the individual muscle activity as the dependent variable, the index of assessment (PRE and
POST1-4), the temporal epochs (BASE, R1, R2, R3, VOL) as independent variables, and the
subject as the random factor. A post-hoc analysis identified significant differences if p < 0.05
was verified. We performed statistical analysis using the Jamovi Statistical Data Analysis
software (JSDA, version 1.6.23).

8.1.4 Results

To analyze the stretch reflex responses of the recorded muscles (for the raw data of sEMG
signals, see Appendix), we considered each muscle individually (Fig. 8.1):

• FCR: the mixed model results for the muscle activity revealed a significant effect
of both assessment (F = 2.81, p = 0.024), temporal epochs (F = 100.64, p < 0.001)
and an interaction between these two outcomes (F = 1.85, p = 0.035). A post-hoc
analysis confirmed that there was an increase in the muscle activity immediately after
the fatigue (PRE vs POST1: T = 3.08, p = 0.002), and, in particular, the muscle activity
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of FCR in the R2 window increased significantly until 4 minutes after the task (PRE vs
POST1: T = 3.25, p = 0.001; PRE vs POST2: T = 2.20, p = 0.028) (Fig. 8.1-Panel A)

• FCU: the mixed model results for the muscle activity revealed a significant effect
of both assessment (F = 2.75, p = 0.027), temporal epochs (F = 74.39, p < 0.001)
and an interaction between these two outcomes (F = 2.45, p = 0.003). A post-hoc
analysis confirmed that there was an increase in the muscle activity immediately after
the fatigue until 8 minutes (PRE vs POST1: T = 2.77, p = 0.006; PRE vs POST2: T =
2.07, p = 0.039; PRE vs POST3: T = 2.95, p = 0.003), and in particular, the muscle
activity of FCU in the R3 window increased significantly after the task until the end of
the experiment (PRE-POST1: T = 2.55, p = 0.011; PRE-POST3: T = 4.23, p < 0.001;
PRE-POST4: T = 2.37, p = 0.018) (Fig. 8.1-Panel B)

• ECR: the mixed model results for the muscle activity revealed a significant effect of
both assessment (F = 12.73, p < 0.001), temporal epochs (F = 203.26, p < 0.001) and
an interaction between these two outcomes (F = 8.57, p < 0.001). A post-hoc analysis
confirmed that there was a decrease in the muscle activity immediately after the fatigue
(PRE vs. POST1: T = 3.18, p = 0.001), and in particular, the muscle activity of ECR
in the R2 window decreased significantly immediately after the task (PRE-POST1: T
= 1.86, p = 0.046) (Fig. 8.1-Panel C)

8.1.5 Discussion

In this study, we analyzed forearm muscle stretch reflexes recorded during the assessment
of biomechanical properties of the wrist joint before and after a task designed to fatigue
the flexor muscles. We were able to study stretch reflexes because the velocity of the
perturbations used to estimate biomechanical properties was 100°/s and was thus sufficient
to elicit these responses [113]. Therefore, we analyzed the stretch reflexes of the stretched
muscles from angular perturbations: we extracted stretch reflexes in the flexor muscles when
the displacement was directed in the direction of extension and vice versa for those in the
extensor muscle. We found a different behaviour in the amplitude of the sEMG signals of the
muscles recorded after fatigue. Specifically, the short-latency reflex (SLR) amplitude did
not change in any muscle. The mid-latency reflex (MLR) increased immediately after the
fatigue task in FCR (concentrically fatigued) and decreased in ECR (eccentrically fatigued).
As with viscosity, this result can be explained by how the muscles were fatigued; specifically,
eccentrically fatigued muscle undergoes morphological changes in intracellular proteins
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Figure 8.1 Mean and standard error of muscle activity of each muscle stretched by the
perturbation: FCR (Panel A), FCU (Panel B), ECR (Panel C). For each figure, muscle activity
is reported for R1 (short-latency reflex): 20-45 ms (blue line), R2 (mid-latency reflex): 45-75
ms (grey line), R3 (long-latency reflex): 75-105 ms (yellow line). After post-hoc analysis,
significant differences (p < 0.05) in muscle activity for each temporal epoch compared with
PRE assessment were marked with “*”.

resulting in attenuated force production due to altered cross-bridge binding, leading to
reduced muscle activity [140]. Both of these changes were quickly restored, with a return
to control (pre-fatigue) values within 4 min, in agreement with the results of Balestra et
al. [18]. Finally, the long-latency reflex (LLR) increased immediately after the fatigue task
in FCU, which was also concentrically fatigued, and remained constant until the end of
the experiment. Since there was an increase in sEMG activity in both flexor muscles after
the fatigue task during both the R2 and R3 temporal epochs, it can be concluded that our
task involved multiple mechanisms. Indeed, whereas muscle activity during SLR (R1) is
associated entirely with spinal circuits, muscle activity during MLR (R2) and LLR (R3)
depends on contributions from supraspinal structures such as the primary motor cortex
[142]. However, a previous study [18] investigating the different components of stretch
reflexes following voluntary fatigue and electrically induced fatigue showed that the MLR
and LLR reflex components had two different behaviours: MLR decreased during voluntary
contraction without significant changes in LLR, whereas in electrically induced fatigue, LLR
improved without significant changes in MLR. These results imply that the reflex MLR and
LLR components are distinct entities in the long-latency complex [18]. The latter point
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is also supporrted, in our study, by the fact that MLR returns to control values in about 4
minutes, whereas LLR remained above control at about 12 minutes after the fatigue exercise.
Therefore, we can conclude that the contractions required by the fatigue task involve fatigue
of the reflex components as well and, additionally, that the long-latency reflex components
are composed of at least two entities mediated by different peripheral afferents.

Furthermore, these findings on the stretch reflex responses can be linked to the findings
of the previous chapter on the improvements in position sense found immediately after the
fatigue task. Indeed, stretch reflexes in the flexor muscles increased significantly after the
fatigue task: in the mid- and long-latency for FCR and FCU, respectively. The increase
in the MLR component of the stretch reflex of concentrically fatigued muscles involves Ia
afferents fibres in the posterior nerve root, which directly or indirectly increase the firing of
alpha motoneurons [234]. When discussing results obtained in the position sense assessment
(Chapter 7), we conclude that the response of muscle spindles can be modified centrally.
Specifically, it has been shown that when the firing of alpha and, consequently, gamma motor
neurons increases, muscle spindles enhance their sensitivity and, consequently, their position
sense [68, 117].

8.2 Stretch reflex analysis of expected vs unexpected per-
turbations

Paper in preparation for Journal of Biomechanics

8.2.1 Introduction

The implemented experimental protocol that provides sudden angular perturbations at the
wrist joint present in previous studies can also be used to provide insight into ergonomics.
Indeed, sudden angular perturbations at the distal upper extremity have been shown to be
common in daily activities and workplaces when interacting with tools or performing complex
tasks [87]. Therefore, a protocol consisting of sequences of positional perturbations can be
used to explain how the CNS modulates joint stiffness in the face of instability. In general,
the CNS employs several control strategies under instability conditions [29, 58]: among them,
it prefers to use muscle co-contraction, which allows for increased joint stiffness and stability.
In addition, these perturbation approaches can help us better understand muscle demands
and adaptations. In the literature, there is a large production of research articles focused
on unexpected perturbations delivered to the distal upper extremity [58, 74, 96, 108, 229].
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However, these conditions often do not fully reflect many tasks performed in real workplaces.
Therefore, in the present study, we designed an experimental protocol that could simulate
some of the most common challenges present in the workplace. This study investigated
the intrinsic and reflexive mechanisms triggered by uncertainty about when and where a
perturbation may be released.

This experiment was conducted at the Department of Kinesiology in the Faculty of
Applied Health Sciences at Brock University (Niagara Region, St. Catharines, Canada),
where I spent three months as a visiting PhD student. We based the experimental protocol
on that used to estimate the biomechanical properties of the wrist (Chapter 5), but with
some modifications to better analyze the specific stretch reflex responses of the forearm
muscles. We used the WristBot to implement and test the experimental protocol as in
previous experiments. Indeed, the Canadian research team has the WristBot in their lab,
which I aligned with our Italian version in both software and hardware during my first month
there. This study aimed to analyze differences in stretch reflex responses of the recorded
forearm muscles and estimate biomechanical properties of the wrist joint under expected and
unexpected angular perturbations.

8.2.2 Materials and methods

Participants

We recruited thirteen right-handed volunteers (7 females; 24.4 ± 2.7 years of age) into the
experimental protocol. None of the participants had a history of neurological disorders or
previous wrist injuries. Before taking part in the study, each participant signed an informed
consent form. The experimental protocol was performed at the Department of Kinesiology
in the Faculty of Applied Health Sciences at Brock University and was approved by the
research ethics boards (REB) of Brock University (REB 16-263).

Experimental setup and protocol

As reported in the methods of previous studies, we subjected participants to pseudo-random
sequences of fast angular movements of small amplitude. In contrast to the previous version
of the protocol, positional movements were provided by the robot along the FE DoF, starting
from the neutral posture (0°) to an angular rotation of +20° in flexion or -20° in extension. In
addition, a faster mean perturbation velocity was chosen, i.e., 200°/s with a displacement
duration of 100 ms. The order of the perturbation directions (flexion or extension) was
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random, and the subjects did not know it. At the end of each displacement, the robot
passively returned the hand to its natural posture at a lower velocity.

We asked subjects to keep their eyes closed during the experiment and hold the robotic
hand in a natural grasping posture. In addition to not knowing the direction of the perturbation,
subjects could be exposed to unexpected or expected perturbations: on the one hand, as the
name suggests, unexpected perturbations occurred at any time without the subject having any
clue about their onset; on the other hand, expected perturbations were delivered following an
auditory "click" at the onset of the perturbation.

We used surface electrodes (MediTrace 130, Kendall, Mansfield, MA, USA) to record
the muscle activity of six right forearm muscles: flexor carpi radialis (FCR), flexor carpi
ulnaris (FCU), flexor digitorum superficialis (FDS), extensor carpi radialis (ECR), extensor
carpi ulnaris (ECU), and extensor digitorum (ED). Electrodes were placed on the belly of
the muscle, parallel to the fibre orientation, and procedures followed SENIAM placement
guidelines [104]. A ground electrode was placed on the lateral epicondyle of the right arm.
Before electrode placement, all recording areas were shaved with a disposable razor and
disinfected with an isopropyl alcohol swab. The sEMG signals were sampled at 2000 Hz
(USB- 6229 BNC, National Instruments).

After the placement of the electrodes and an initial familiarization phase with the robot,
we asked subjects to:

• relax completely to record resting muscle activity of the involved muscles

• execute the maximal grip force on the robotic handle wrapped by the grip sensor

The experimental protocol started after these measurements. The entire experimental
session lasted no longer than 20 minutes, including the placement of the sEMG electrodes.

8.2.3 Data analysis

The data analysis of both biomechanical properties and stretch reflex responses are the same
as those previously presented: the former is found in the Mathematical Model section of
Chapter 5, and the latter is found in the Data Analysis section of Section 8.1. However, the
differences are as follows:

• Both torque and kinematic signals were re-sampled at the sEMG sample rate of 2000
Hz by linear interpolation

• before sEMG post-processing (bandpass filtering, rectification, and normalization),
each sEMG signal was subtracted from the average resting muscle activity
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• the onset time of muscle activation of each sEMG signal was detected: the muscle was
considered "active" if the sEMG signal exceeded an amplitude threshold. The chosen
amplitude threshold was 8 SDs above the mean baseline amplitude recorded 200 ms
before the onset of the angular perturbation [52]

Statistical analysis

For each sEMG signal, a mixed-effects model was used to test the influence of the nature
of the perturbation (expected: Exp vs unexpected: Unexp) while checking how the muscle
activity changed across the chosen temporal epochs. In particular, we considered the individ-
ual muscle activity as the dependent variable, both the type of perturbation (Expected and
Unexpected) and the temporal epochs (BASE, R1, R2, R3, VOL) as independent variables,
and the subject as the random factor. We used ANOVA RM (Repeated Measures) tests
to study differences in the onset time of the stretch reflexes under both Exp and Unexp

conditions and between the two muscle groups (extensor and flexor muscles).
Furthermore, we used a mixed-effects model for the biomechanical parameters of the

wrist joint (B and K) to test their changes across both the type and the direction of the
perturbation. Specifically, the K (and B) parameter was selected as the dependent variable,
the type and direction of perturbation as independent variables, and the subject as the random
factor.

8.2.4 Results

Stretch reflexes

The peak muscle activity of the stretch reflexes in the flexor muscles occurred within the
R2 window (50-75 ms after the displacement onset), whereas that in the extensor muscles
occurred within the R3 window (75-100 ms after the displacement onset). To further analyze
the stretch reflex responses of the six recorded forearm muscles across the different temporal
epochs and the type of the perturbations (for the raw data of sEMG signals, see Appendix),
we considered each muscle individually (Fig. 8.2):

• FCR: the mixed model results for its muscle activity revealed a significant effect of the
temporal epochs (F = 261.1, p < 0.001). A post-hoc analysis confirmed that muscle
activity in the R1, R2, R3 windows was significantly higher than that in the BASE
(BASE vs R1: T = 5.3, p < 0.001; BASE vs R2: T = 27.6, p < 0.001; BASE vs R3: T =
6.2, p < 0.001) (Fig. 8.2-Panel A)
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Figure 8.2 The muscle activity of the stretch reflexes of the six forearm recorded muscles
under the Unexp and Exp experimental conditions across the chosen temporal epochs.

• FDS: the mixed model results for its muscle activity revealed a significant effect of the
temporal epochs (F = 167.5, p < 0.001). A post-hoc analysis confirmed that muscle
activity in the R2, R3 windows was significantly higher than that in the BASE (BASE
vs R2: T = 21.4, p < 0.001; BASE vs R3: T = 9.0, p < 0.001) (Fig. 8.2-Panel B)

• FCU: the mixed model results for its muscle activity revealed a significant effect of
both temporal epochs (F = 122.0, p < 0.001) and perturbation type (F = 13.0 , p <
0.001) and an interaction between these two outcomes (F = 7.7, p < 0.001). A post-hoc
analysis confirmed that muscle activity in the R2, R3 windows was significantly higher
than that in the BASE (BASE vs R2: T = 17.8, p < 0.001; BASE vs R3: T = 9.9, p <
0.001). Moreover, the muscle activity of the stretch reflex in Unexp was significantly
higher than that in Exp (T = 3.6, p < 0.001). Notably, the change in muscle activity
between BASE and R2 was higher in Unexp than in Exp (T = 2.6 , p = 0.01), as was the
change in muscle activity between BASE and R3 (T = 4.1, p < 0.001) (Fig. 8.2-Panel
C)

• ECR: the mixed model results for its muscle activity revealed a significant effect of both
temporal epochs (F = 107.2, p < 0.001) and perturbation type (F = 52.4 , p < 0.001) and
an interaction between these two outcomes (F = 29.0, p < 0.001). A post-hoc analysis



8.2 Stretch reflex analysis of expected vs unexpected perturbations 95

confirmed that muscle activity in the R2, R3 windows was significantly higher than
that in the BASE (BASE vs R2: T = 8.4, p < 0.001; BASE vs R3: T = 16.5, p < 0.001).
Moreover, the muscle activity of the stretch reflex in Unexp was significantly higher
than that in Exp (T = 7.2, p < 0.001). Notably, the change in muscle activity between
BASE and R2 was higher in Unexp than in Exp (T = 2.8 , p = 0.005), as was the change
in muscle activity between BASE and R3 (T = 8.8, p < 0.001) (Fig. 8.2-Panel D)

• ED: the mixed model results for its muscle activity revealed a significant effect of both
temporal epochs (F = 140.1, p < 0.001) and perturbation type (F = 57.8 , p < 0.001) and
an interaction between these two outcomes (F = 37.2, p < 0.001). A post-hoc analysis
confirmed that muscle activity in the R2, R3 windows was significantly higher than
that in the BASE (BASE vs R2: T = 7.9, p < 0.001; BASE vs R3: T = 19.6, p < 0.001).
Moreover, the muscle activity of the stretch reflex in Unexp was significantly higher
than that in Exp (T = 7.6, p < 0.001). Notably, the change in muscle activity between
BASE and R2 was higher in Unexp than in Exp (T = 2.6 , p = 0.008), as was the change
in muscle activity between BASE and R3 (T = 9.9, p < 0.001) (Fig. 8.2-Panel E)

• ECU: the mixed model results for its muscle activity revealed a significant effect of
both temporal epochs (F = 52.3, p < 0.001) and perturbation type (F = 21.6 , p < 0.001)
and an interaction between these two outcomes (F = 11.7, p < 0.001). A post-hoc
analysis confirmed that muscle activity in the R2, R3, VOL windows was significantly
higher than that in the BASE (BASE vs R2: T = 5.7, p < 0.001; BASE vs R3: T = 12.3,
p < 0.001. BASE vs VOL: T = 2.0, p = 0.043). Moreover, the muscle activity of the
stretch reflex in Unexp was significantly higher than that in Exp (T = 4.6, p < 0.001).
Notably, the change in muscle activity between BASE and R3 was higher in Unexp

than in Exp (T = 5.6 , p < 0.001) (Fig. 8.2-Panel F)

Regarding the analysis of the onset times of the stretch reflexes (Fig. 8.3, there was a
significant difference in muscle onset times between Unexp and Exp (F = 13.0, p = 0.004):
in Unexp, the onset times of the stretch reflexes occurred significantly before (about 1.5
ms) than those in Exp. In particular, looking at the two muscle groups separately, the onset
times of the stretch reflexes of the extensor muscles revealed a significant difference between
Unexp and Exp (F = 22.1, p<0.001). In Exp, the stretch reflexes of the extensor muscles were
activated approximately 3 ms after the mean onset time of those in Unexp; while the onset
time of the stretch reflexes of the flexor muscles did not show any statistical significance
between Unexp and Exp. In addition, there was a significant difference in the timing of
the onset of the stretch reflexes among the recorded muscles (F = 300.1, p < 0.001): the
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Figure 8.3 The onset times of the stretch reflexes of the six forearm muscles under the Unexp
and Exp experimental conditions.

activation of the flexor sEMG occurred significantly earlier than that in the extensor muscles.
Interestingly, in each muscle group, the stretch reflexes of the ulnar muscles were activated
later than those in the radialis and digitorum muscles: the activation of the sEMG of FCU
occurred 11 ms and 4 ms after those of FCR and FDS, respectively; the activation of the
sEMG of ECU occurred 12 ms and 9 ms after those of ECR and ED, respectively. However,
we found that activation onsets differed significantly for all muscle pairs.

Biomechanical properties

As in the previous studies, we examined the biomechanical properties of the wrist joint, and
the results were as follows:

• Stiffness (K): the mixed model results revealed a significant effect of both the per-
turbation type (F = 15.9, p < 0.001) and an interaction between the two outcomes:
perturbation type and perturbation direction (F = 9.0, p = 0.003). A Bonferroni post
hoc test showed that stiffness was significantly higher in Exp than in Unexp (T = 4.0,
p < 0.001) and, in particular, it was the stiffness estimated in the flexion movements
that had this significant difference between the two conditions (T = 5.0, p < 0.001).
It should also be noted that there was an almost significant difference between the
stiffness values calculated in the flexion and extension directions in Unexp condition,
with a higher value in extension than in flexion (T = 2.6, p = 0.051) (Fig. 8.4-Panel A)
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Figure 8.4 The values of stiffness (Panel A) and viscosity (Panel B) in the expected (Exp)
and unexpected (Unexp) experimental conditions differentiated by the direction: extension
(blue line) and flexion (yellow line).

• Viscosity (B): the mixed model results revealed a significant effect of both the per-
turbation direction (F = 71.4, p < 0.001) and the perturbation type (F = 23.5, p <
0.001). A post-hoc test corrected by Bonferroni showed that the viscosity values were
significantly lower in Exp than in Unexp, regardless of the direction of the perturbation
(B in Flex: T = 3.6, p = 0.002; B in Ext: T = 3.3, p = 0.007). In addition, it also showed
that the viscosity value computed in the flexion direction was significantly higher than
that computed in the extension direction under both Exp and Unexp conditions (Exp: T
= 5.9, p < 0.001; Unexp: T = 6.1, p < 0.001) (Fig. 8.4-Panel B)

8.2.5 Discussion

In this study, we analyzed the stretch reflex responses of forearm muscles recorded during
the assessment of biomechanical properties of the wrist joint in expected and unexpected
positional displacements. We attempted to show an evolution of the previous method for
estimating the biomechanical properties of the wrist joint (Chapter 5) by bringing it closer to
the experimental methods presented in the state-of-the-art. In particular, we modified the
starting point of the perturbations: they no longer started from a configuration of the flexed
or extended wrist but from the natural position of the joint. In this way, it was also possible
to randomize the direction of the displacements. However, the Unexp condition that included
the unexpected angular perturbations could be considered equivalent to the experimental
protocol outlined in Chapter 5, except for the starting position. Taking this condition into
consideration, the almost significant difference (p = 0.051) between the calculated stiffness
values in the extension and flexion directions with a higher value in extension was consistent
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with the findings in the [88] literature. This result confirmed that the insignificant difference
between the calculated stiffness values in flexion and extension found in previous studies was
only due to the different choice of the experimental protocol design. However, a follow-up
study with a larger sample size could help to intensify the almost significant difference found
in the present study.

Looking at the analysis of stretch reflex responses, we found that the behaviour of stretch
reflexes in some muscles changed significantly depending on the type of perturbation. Specif-
ically, on average, stretch reflexes in response to expected perturbations were systematically
lower in amplitude than those occurring during unexpected perturbations [141]. This condi-
tion occurred for all extensors and FCU. Whereas for FCR and FDS, the behaviour of the
stretch reflex was independent of the type of perturbation. In general, when a perturbation is
expected, the subject tends to grip more the robotic handle and thus increase co-contraction.
It should be noted that the extensor muscles play the role of wrist stabilizers and are often
active during task execution, even when they are not the primary muscles involved [87].
Therefore, among the recorded sEMG signals, the extensor muscles underwent substantial
changes between the two experimental conditions. Specifically, there was a decrease in
the amplitude of the sEMG signals of the extensor muscles in the mid- and long-latency
windows of the stretch reflex (R2-R3) due to a temporal overlap of two different responses.
The first is the automatic reflex activity, whereas the second is the voluntary activity triggered
by the predictability of the joint displacement stimulus, i.e., a task-dependent response
[155, 216, 224]. It is also interesting to note that the onset of activation of sEMG signals of
the flexors always occurred significantly earlier than that of extensor muscles [91].

Finally, from the perspective of biomechanical properties, we found that when the joint
was subjected to expected perturbations, its stiffness increased significantly more than when
it was subjected to unexpected perturbations, whereas its viscosity decreased significantly.
Because the subjects attempted to maintain joint stability during the expected perturbations,
the increase in the stiffness parameter can be attributed to the occurrence of this task-
dependent response. In contrast, the behaviour of the viscosity parameter is more complex to
explain, as it depends on both the oscillation velocity and the reflex force produced by the
muscle stretch [182].



Part III

Translation into the clinical context



Chapter 9

Biomechanical properties in a post-stroke
population: a pilot study

This final experimental chapter presents the translation into a clinical setting of the ex-
perimental protocol designed to estimate the biomechanical properties of the wrist joint
presented in Chapter 5. The objective of this study was to test the acceptance and feasibility
of the implemented experimental protocol in a clinical population. We chose the post-stroke
population as the target population because spasticity is quite common following brain injury.

Although the pandemic situation was incompatible with the usual patient recruitment
process, we were able to collect data from three post-stroke patients. Despite the small
sample size, we sought to extract as much information as possible from these data. We
focused exclusively on estimating the wrist stiffness parameter of the patient’s affected arm.
As presented previously, the protocol consisted of passive position-controlled movements
provided by the WristBot along the flexion-extension direction at a chosen fixed velocity.
In addition to characterizing patients biomechanically, it was also done clinically: several
clinical scales administered by a physical therapist were used. This study was conducted
during my 3-month period abroad at the Department of Kinesiology in the School of Applied
Health Sciences at Brock University.

9.1 Introduction

Stroke is one of the most prevalent diseases, and its incidence continues to increase. It
represents a significant cause of severe long-term disability and reduces mobility in more
than half of stroke survivors aged 65 years and older [246]. The prevalence of spasticity
after stroke has been shown to range from 17% to 38% of individuals [159, 177]. Spasticity
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is likely to limit the functional use of their paretic limb, making activities of daily living
difficult and limiting their independence. Specifically, spasticity affects muscles and joints
and is responsible for pain, paresis, muscle hyperactivity, and soft tissue contracture [253]:
conditions that can be modified with early intervention [98]. Therefore, it becomes essential to
have accurate methods of assessing impairment after stroke to refine intervention procedures.
In addition, accurate measurements leading to optimal spasticity treatments may also help
reduce health care costs for such a large portion of the population.

The MAS is still the most common tool for measuring spasticity [24]. This scale was
developed from Lance’s definition of spasticity [146]; therefore, the MAS assumes that
increased resistance is related exclusively to increased velocity-dependent reflex activity,
suggesting that the MAS exclusively measures velocity-dependent changes [83]. Muscle
hyperactivity induced by spasticity leads to increased resistance to passive movements.
Therefore, kinematic assessment methods can provide information about movement char-
acteristics during passive stretch resistance, uncovering traits that clinical tools may not
detect. Currently, it can take many weeks or even months to notice a significant change
in MAS-assessed spasticity and determine whether the chosen treatment is optimal. With
this in mind, the ability of the robotic device to detect even subtle changes in tone would
accelerate this process while also improving patient comfort and care. Recently, techniques
that relate kinematic evaluations to clinician-imposed movements have been implemented
[176]; however, these include the problems associated with clinical scales, including the dif-
ficulty of adequately controlling the stretch velocity. To compensate for these problems, we
implemented the experimental protocol for estimating biomechanical parameters of the wrist
joint with a robotic device, which has been described several times in this dissertation. When
studying a spastic limb subjected to passive stretching movements, two main characteristics
of velocity are found: first, spastic behaviour is evident if the displacements are sufficiently
fast, i.e., if they exceed a certain velocity threshold of 35 °/s [244]; second, reflexive muscle
responses increase in proportion to stretching velocities; in particular, muscle responses show
a linear dependence on the velocity of displacements in the range from 15 to 300 °/s [211].

This study aimed to close the loop on the acceptance and feasibility of the experimental
protocol designed to extract wrist biomechanical properties even in a pathological population.
Due to the pandemic situation during patient recruitment, we could only recruit a few patients.
We could not record sEMG signals; thus, we based the analyses only on kinematic signals.
We aimed to analyze the kinematics of resistance to passive movements provided by the
Wristbot at a single stretch velocity in a post-stroke population. We utilized three clinical
scales to characterize the population from a clinical perspective. Specifically, we assessed
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the MAS scale at several joints, and we tested the PRWE and FxL scales to characterize both
upper extremity function during activities of daily living and the level of hemiplegia [89].
Furthermore, we studied: 1) the relationship between the kinematic characteristics of passive
resistance to stretching (stiffness parameters) and those obtained in a healthy population and
2) the relationship between kinematic characteristics and scores obtained from clinical scales.

9.2 Materials and methods

Participants

In this study, we enrolled three post-stroke patients (2 females; 38.7 ± 12.4). They were
recruited from Survivors of Stroke Niagara (1815 Sir Isaac Brock Way, Thorold, ON L2V
4Y6, Canada). Inclusion criteria for post-stroke participants were as follows: minimum 18
years of age, minimum 6 months post-stroke, ability to communicate, and ability to maintain
the posture required by the WristBot at the elbow and shoulder without pain. In contrast,
exclusion criteria were: musculoskeletal injury during the six months prior to recruitment and
discomfort in grasping the cylindrical handle of the robot for the duration of the experiment.
All participants provided written informed consent. The Health Science Research Ethics
Board at Brock University approved this study.

Clinical protocol

Subjects were required to complete an approximately 35-minute evaluation session in which
they used the WristBot with their most affected arm. Subjects were positioned as usual: the
arm under examination was externally rotated (approximately 20°), and the longitudinal
position of the robot was adjusted to achieve an elbow extension angle of approximately 120°.
Two pairs of VELCRO®straps gently secured their forearm to the robotic manipulator in a
neutral position (midway between pronation and supination) and to the robotic handle. This
position ensured a good mechanical coupling between the hand and the handle and limited
forearm movement, isolating the wrist joint. For the neutral wrist position, we aligned the
third metacarpal parallel to the long axis of the radius [255].

During the first part of the session, the physical therapist filled out the patient’s registry
with the most helpful information for the study. Next, the patient was assessed for muscle
spasticity using a clinical scale and given two questionnaires to quantify pain, wrist joint
function, and level of hemiplegia (see Chapter 3 for a detailed description of the clinical
scales):
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• Spasticity was assessed using the Modified Ashworth Scale (MAS) in several joints
(elbow, wrist, hand, fingers): the operator showed patients how to move the joint under
examination and asked them to replicate the same movement with the most affected
limb. Spasticity was graded from 0 to 4, where 0 indicated no increase in tone and 4
indicated that the joint was stiff.

• Upper limb function was assessed using the Patient Rated Wrist Questionnaire (PWRE):
the patient had to answer a questionnaire in which they rated pain and functional
difficulties of the wrist joint in activities of daily living. The score for each item could
be assigned on a scale from 0 to 10

• Functional levels of upper limb hemiplegia were assessed using an observation scale
(FxL): the patient had to answer a questionnaire in which the functional levels of hand
and grip activities were assessed

The following tasks were given to the patient after placing the affected forearm on the
robotic device:

1. Active Range of Motion (aRoM): the patient actively moved the wrist joint in both
flexion and extension directions until maximum angular rotation was achieved along
the specified direction. A yellow ball displayed on the monitor in front of the patient’s
seat indicated the direction in which the patient should move the wrist. When the
patient thought they had reached the maximum range of motion (before feeling any
pain), they pressed the manual button with their free hand. After that, the robot slowly
moved the wrist to its neutral position. For safety reasons, the task could be interrupted
at any time by pressing the button

2. Stiffness assessment (see Chapter 5 for a detailed description of the protocol): the
robot provided position-controlled displacements at an average velocity of 100°/s at
the wrist joint in the flexion and extension directions. The subject was instructed to
hold the robotic handle in a natural grasping position and not to resist or anticipate
perturbations, but only let the robot move the hand. The session had a maximum
duration of three minutes and consisted of five sets of eight perturbations each. There
was a rest period of 5 to 10 seconds between perturbations to reduce both fatigue and
habituation

3. Grip force assessment: patients were asked to grasp the robotic handle with their
maximum grip force (MVC), and the device recorded the value via the sensor embedded
in the handle
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Data analysis

The haptic device collected kinematic and dynamic data from the patients. For the aRoM
task, we calculated the maximum excursion along each direction by extracting it from the
recorded angular rotation data (in degrees). We used the PRWE questionnaire and the
MAS scale provided by the National MS Society. Whereas, to extract wrist stiffness, we
estimated the torque transmitted by the robot to the hand during perturbations by measuring
the electrical current delivered by the control unit to the actuators. The current was sampled
and recorded at a sampling rate of 1 kHz and smoothed using a first-order Savitzky-Golay
filter with a window of 45 samples (cutoff frequency: 20 Hz). Since the protocol used
position inputs to determine changes in mean wrist torque, we calculated the wrist impedance
model. Specifically, through a linear second-order mass-spring-damper model, we estimated
the stiffness parameter, namely the spasticity (see Chapter 5 for the detailed methodology).
We differentiated the estimation of the stiffness parameters based on the flexion (KFLEX )
and extension (KEXT ) directions of the perturbations. Finally, the grip force values were
calculated as % MVC. Specifically, we calculated the average grip force (µGrip) held by the
subjects during the evaluation session of the biomechanical properties of the wrist as:

µGrip[%MVC] =
µGrip −V0

VMax −V0
∗100 (12)

where VMax is the maximum grip force exerted by the patient and V0 is the offset of the
grip sensor recorded at the beginning of the experiment.

Statistical analysis

We investigated statistical differences in estimated stiffness values in both FE directions
among the three patients and between the patients and a matched healthy population (HS).
Specifically, a repeated ANOVA was used to test the effects of perturbation direction (flexion
and extension), population (pathological and healthy), and interactions on stiffness parame-
ters. For stiffness parameters relative to the healthy population, we considered those extracted
under the same experimental conditions used in the present study: the study using angular
perturbations of approximately 10° in both directions at low speed (100°/s) while holding
a self-selected grip (see Table 6.4 in Chapter 6). Finally, we investigated any possible link
between the clinical scales and the estimated stiffness values by calculating the Pearson cor-
relation coefficient (r) between the scores obtained from the clinical scales and the estimated
stiffness values in both FE directions. Given the limited sample size, we considered the
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correlation excellent if the following relationship occurred: |r| > 0.9. To better characterize the
relationship, we also extracted the slope of the correlation line: mSlope. Statistical analyses
were conducted using the Jamovi statistical data analysis tool (version 1.6.23) and MATLAB
R2020b.

9.3 Results

Table 9.1 Patients details: age [years], aROM along the FE direction [degrees], dominant vs
affected hand [R:right hand], years since stroke and scores from different clinical scales.

P01 P02 P03

Age 32 31 53
Dominant-
affected hand

R-R R-R R-R

Years since stroke 11 1.5 2
aROMa Flex-Ext 61°-36° 11°-7° 56°-0°
µGrip

b 10.2 (0.07) 14.5 (0.07) 7.5 (0.14)
MASc Elbow 0 2 1+
MAS Wrist 1+ 4 1+
MAS Fingers 1 3 1+
MAS Thumb 0 4 0
PRWE d 19.5 43.5 50
FxLe 7 3 0

aaROM: active Range of Motion
bµGrip: Mean Grip Force (std) [%MVC]
cMAS: Modified Ashworth Scale
dPRWE: Patient-rated Wrist Evaluation
eFxl: Functional levels of Hemiplegia

We were only able to enrol three post-stroke patients in the study, and their demographic
information is presented in Table 9.1. The table 9.1 also contains other relevant outcomes
that we measured to characterize the individual patient: the maximum active RoM in the
flexion and extension directions, the average grip force held during the stiffness assessment,
and the total score of each selected clinical scale (MAS along each joint, PRWE, and FxL).
Starting with aRoM, two out of three patients (P) had difficulty actively moving the wrist
in the extension direction: in particular, P02 presented the smallest RoM along the FE axis.
Regarding the mean force exerted during the stiffness assessment session, all subjects exerted
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Table 9.2 Stiffness parameters [K: Nm/rad] estimated in the flexion and extension directions
for the three post-stroke patients.

P01 P02 P03

Extension 1.24±0.27 2.00±0.15 2.90±0.25

Flexion 1.30±0.41 1.40±0.19 1.33±0.24

a comparable mean force (mean 10.2 %MVC). In contrast, looking at the scores collected
from the clinical scales, the patients presented some differences:

• P01 presented the pathology condition for a longer time (eleven years after the occur-
rence of the stroke) and presented the lowest scores for both MAS and PRWE while
scoring highest for FxL (i.e., "Can perform bimanual activities easily and occasionally
uses the hand spontaneously"); KFLEX and KEXT did not differ significantly

• P02 presented the pathological condition for a shorter time (only 1.5 years after the
stroke) and presented the highest scores for MAS along each selected joint, a medium-
high score for PRWE and a medium-low score for FxL (i.e., "Can hold objects and
stabilize for use in other hand"); KEXT was significantly greater than KFLEX (T = 8.93,
p < 0.001)

• P03 presented low scores for MAS, but the highest and lowest scores for PRWE and
FxL, respectively; this result means that P03 has continued not to use the affected hand
during activities of daily living since the stroke occurred two years earlier. KEXT was
significantly greater than KFLEX (T = 17.92, p < 0.001)

Throughout the experimental session and particularly during the stiffness assessment, we
ensured that the patients were comfortable and did not feel fatigued. All recruited patients
were able to finish the entire experimental session, and we were able to estimate their wrist
joint stiffness parameter by the LSA method of recorded torques (Table 9.2). The statistical
test showed no significant difference in KFLEX between patients while it was statistically
higher in patients than in healthy subjects (P01 vs HS: W = 8.87, p < 0.001; P02 vs HS: W
= 11.21, p < 0.001; P03 vs HS: W = 9.24, p< 0.001). On the other hand, the statistical test
showed significant differences in KEXT both between patients (P01 vs P02: W = 7.65, p <
0.001; P02 vs P03: W = 6.93, p < 0.001; P01 vs P03: W = 6. 93, p< 0.001) and between
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Figure 9.1 K [Nm/rad] estimated in flexion (Panel A) and extension (Panel B) directions.
The grey, red, green, and blue boxplots correspond to healthy subjects (HS), P01, P02 and
P03, respectively. * indicates statistically significant, p < 0.001.

patients and healthy subjects (P01 vs HS: W = 9.86, p < 0.001; P02 vs HS: W = 10.49, p <
0.001; P03 vs HS: W = 8.88, p< 0.001; Fig. 9.1) .

We analyzed every possible relationship between the estimated stiffness values for all
patients and the scores obtained from the clinical scales. There was no correlation between
the estimated KEXT and KFLEX with the MAS scores measured on all joints considered.
However, interestingly, the estimated KEXT were significantly correlated with both PRWE
and FxL (Fig. 9.2). Specifically, Pearson correlation test revealed an excellent correlation
between the KEXT and PRWE (r = 0.99, mSlope = 0.08) as well as the KFLEX and PRWE (r =
0. 97, mSlope = 0.04; Fig. 9.2-Panel A), and finally, the KEXT and FxL (r = - 0.99, mSlope =
-0.39; Fig. 9.2-Panel B).

9.4 Discussion

In this study, we tested the feasibility of the experimental protocol designed to assess the
biomechanical properties of the wrist in post-stroke patients. We found that the goal of
acceptance of the protocol in a clinical setting was achieved: all recruited patients were
able to finish the entire experimental session without difficulty. The common problem with
all assessment instruments lies in the time required to assess the patient. This problem
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Figure 9.2 The correlation plots: PRWE scores and stiffness values (Panel A); FxL scores
and stiffness values (Panel B). Stiffness values were estimated in the flexion (KFLEX ) and
extension (KEXT ) directions displayed in red and blue, respectively.

seems to have been solved with the introduction of robotic devices, which have sophisticated
analysis tools that dramatically reduce the time for patient assessment, while still providing
quantitative measures [226]. In this perspective, one of the advantages of our implemented
protocol for estimating wrist biomechanical properties lies in its duration: it takes only three
minutes to complete the assessment procedure for each perturbation velocity, including rest
times between movements to minimize both fatigue and habituation [223]. The short duration
makes the protocol more easily transferable to clinical settings and is accepted even by severe
patients.

We analyzed data from only three post-stroke patients, but the results seem interesting
and promising. In order to discuss the results, we should note that each patient represents a
single case study, as they differed clinically in a substantial way. However, all patients had
the right hand as both the dominant and affected hand, and all had similar and consistent
grip force on the robotic handle during the experimental session. On average, the estimated
stiffness parameters for all patients were higher than those of a healthy population subjected
to the same experimental protocol conditions: ±10° angular displacement at 100°/s with a
self-selected grip.

What follows is a discussion of the individual case studies. P01 was the patient with
the longest period of living with the disease and a reasonably large active ROM in both
flexion and extension. This patient was identified as having good upper extremity function,
moderate pain while performing activities of daily living, and low stiffness in all four joints
assessed with clinical scales. According to our results, this patient had the lowest levels of
stiffness in flexion and extension but doubled those estimated in the healthy population. P02
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was the patient with the most recent injury event. This patient had the smallest active ROM
(approximately 10° in both FE directions), and MAS detected the highest levels of stiffness
at the considered joints. Clinical scales also found that the injury significantly impacted
both upper extremity and hand activities. Our method assessed stiffness values in flexion
similar to those of P01, whereas stiffness parameters in extension were substantially higher.
Finally, P03 had the greatest difficulty moving his wrist in extension; he could not move
it even 1°. The patient was assigned the lowest scores from the clinical scales quantifying
upper extremity and hand function. For this patient, our method estimated the highest levels
of stiffness in extension whereas the values of stiffness in flexion were comparable to those
of the other patients.

To summarize, the pathological population presented higher wrist stiffness values than
those estimated in the healthy population, which have already been demonstrated in other
studies [59, 209, 262]. Furthermore, in two out of three patients, wrist flexor muscles were
affected more by stiffness than wrist extensor muscles [209].

We investigated any possible link between clinical scale scores and stiffness parameters
estimated by our model. We found a low relationship between the estimated stiffness
values in the flexion-extension directions and the scores obtained from the MAS [165, 200].
One possible explanation is that the MAS assigns stiffness values to joints regardless of
direction. On the other hand, the estimated stiffness values for all patients were significantly
positively and negatively correlated with PRWE and FxL scores, respectively. In particular,
the relationship between estimated stiffness in wrist extensors and FxL had the highest
correlation. One reason for this finding may be related to the purpose of both the PRWE and
FxL scales: they offer scores based on upper extremity and hand function in activities of
daily living. As a result, we have shown that stiffness values calculated by our model are
strongly correlated with upper limb function: high stiffness values correspond to low wrist
function and vice versa. Given the limited sample size, these results are not conclusive but
certainly indicate potential.

9.5 Limitations

Some limitations must be considered when discussing the results presented. First, as men-
tioned above, no sEMG signals were recorded during the experimental session. These data
would have allowed us to better characterize the patients in our research by combining biome-
chanical parameters and myoelectric signals. Second, we tested the resistance to stretching
movements at a single velocity. A previous study showed that wrist stiffness values in a
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stroke population changed significantly as the velocity of perturbations varied [165]. In the
future, it would be helpful to repeat the same protocol by providing the perturbations with at
least two different velocities and then to compare the respective estimated stiffness values.



Part IV

Conclusions



Chapter 10

Final Discussion

10.1 Overview

We began this dissertation by emphasizing the importance of having objective measurements
in the clinical setting that imply more targeted rehabilitation treatments. This aspect may
be a way to more rapidly decrease the disability levels of a substantial percentage of the
world’s population suffering from some form of disability. One promising way to achieve
this goal is to bring advanced technologies, such as robotic devices, into clinical settings
and apply them as routine assessment and rehabilitation tools. Indeed, robotic devices are
primarily composed of high temporal and spatial resolution components, leading to more
robust, monitored, and repeatable experimental conditions across multiple subjects and time
points. However, standardized and quantitative measurements are still lacking despite the
well-known advantage of using robotic devices. The most accepted and used assessment
methods in clinical settings are manual scales. Indeed, manual assessments are preferred
to other measurements since they require very little time to set up and often do not involve
equipment. Nevertheless, such scales have several limitations, such as low reliability and
sensitivity.

From an extensive study designed to identify the use and quantify the validity of robotic
assessment in the clinical setting, we realized that one of the missing parts was the lack
of objectivity in assessing the spasticity condition. Spasticity affects many patients with
neurological disorders. It can drastically impair their voluntary motor control, limiting
their independence and making challenging their activities of daily living. Therefore, a
quantitative and reliable measurement of spasticity can play a crucial role in defining the
best rehabilitation protocol and subsequent monitoring of patient progress and therapeutic
efficacy. Among other things, spasticity involves exaggerated stretch reflex responses and
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abnormal increases in muscle tone. In this context, we implemented a protocol on a robotic
device that was able to record quantitative measures and be easily transferred to the clinical
setting. In particular, we developed a novel protocol to assess the mechanical impedance
of the wrist in response to precise position-controlled perturbations provided by the robot.
The primary objectives of the protocol were to standardize the process of assessing the wrist
biomechanical properties and minimize variability in measurements. Because variability in
measurements can depend on several factors, such as grip force and the occurrence of muscle
fatigue, we added to the implemented protocol the ability to consider both of these variables
during the assessment session. Furthermore, we cared to propose such a protocol that was
also feasible in the clinical setting.

In the first phase of the dissertation, we improved the robotic device to meet the require-
ments of our protocol and then tested the implemented protocol in a healthy population.
We demonstrated the feasibility and reliability of the protocol. However, we built also a
large reference dataset of biomechanical properties of the wrist under different experimental
conditions that would allow us for subsequent comparisons with patients. Subsequently, in
the second part, we collected data on a clinical population, and despite the difficulties in re-
cruiting patients during the pandemic, the clinical feasibility was very promising. Meanwhile,
we also performed several experiments to identify the role of the stretch reflex responses
elicited by our protocol under different experimental conditions.

10.2 Summary of the contribution to knowledge

This dissertation aimed to design a robotic protocol to evaluate the biomechanical properties
of the wrist in both healthy and pathological populations. During my PhD project, we were
able to implement and test the feasibility and reliability of the experimental protocol. We also
tested the repeatability of a designed algorithm capable of estimating forearm muscle fatigue
in real-time. Finally, we introduced the ability to accurately measure the grip force exerted by
the subject on the robotic handle, a crucial improvement over assessment protocols present
in the state-of-the-art.

Here we provide an answer to the research questions posed in this dissertation:

RQ1. How are robotic devices currently used in the clinical population, and what objective
assessments are lacking in clinical settings?

From a detailed analysis of how robotic devices are used for upper extremity assessment
and rehabilitation in both pediatric and adult populations (Chapter 4), we concluded
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that there are currently only a few robotic devices in clinical settings. Most of these
are prototypes and are not truly ready to be transferred to the clinical setting. In this
context, the recently redesigned WristBot fits perfectly. Indeed, this robotic device
is currently in an advanced prototyping phase with a Technology Readiness Level
(TRL [European Commission, 2017]) of 7, corresponding to a prototype system used
for demonstration in an operational environment. However, it is undergoing major
hardware and software improvements that will allow it to be launched on the market in
a few years.

From the same study, we also extracted information about the assessment techniques
usually used in clinical settings, concluding that there is currently a gap in the quantita-
tive and objective assessment of spasticity. Therefore, based on these considerations,
we developed a robotic assessment method, easily transferable to clinical settings and
capable of estimating spasticity in terms of resistance to stretching movements.

RQ2. How can the mechanical impedance approach be adapted to our robotic device to
estimate the biomechanical properties of the human wrist joint? Is it possible to design
a standardized protocol and minimize the variability of its measurements?

Leveraging robotics, we implemented a repeatable assessment protocol that could be
adapted to a widely variable population. The implemented assessment protocol consists
of position-controlled movements provided by the WristBot in the flexion-extension
direction of the wrist joint. In Chapter 5, we extensively described the mathematical
model of the mechanical impedance of the wrist that we used and from which we
extracted the biomechanical properties of the wrist. Of the protocol, we demonstrated
high repeatability of the torque signals between different movements within and
between subjects and low variability of the estimated biomechanical properties in
healthy subjects under specific experimental conditions.

RQ3. How do the biomechanical properties of the human wrist joint of a healthy population
and the stretch reflexes of the involved muscles change under different experimental
conditions?

To build a large reference dataset of wrist biomechanical properties in a healthy
population, we tested the robotic evaluation protocol under various experimental
conditions. Specifically, we tested it during experimental conditions that required
different levels of grasping at different perturbation velocities on both the dominant and
non-dominant hand (Chapter 6) and before, during, and after a fatigue task (Chapter 7).
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The first study concluded that the protocol was feasible in a healthy population. In
this study, we designed several experimental conditions that required effective joint
stiffening at different levels of grip force. We evaluated the corresponding muscle
responses and the effects of grip force on the biomechanical properties of the wrist.
Under the chosen experimental conditions, biomechanical properties were invariant
to both hand dominance and perturbation velocity, and the viscosity parameter was
invariant to grip force. In contrast, there was a high positive correlation between the
stiffness parameter and grip force levels. Because increasing grip force significantly
affected wrist joint stiffness, we concluded that it was necessary to make grip force a
more controlled variable and include it in considerations of biomechanical measures
of the wrist.

In the second study, we proposed a protocol to investigate how a fatigue task affected
the biomechanical properties of the wrist and how they recovered. The study showed
that several factors could affect wrist function: some of these factors may be limited,
such as grip force, while others are modified by the increase in fatigue itself and
therefore uncontrollable. Our results revealed that the fatigue task affected both
stiffness and viscosity parameters, with lasting effects throughout the experiment.

Finally, we studied the stretch reflex responses elicited by positional perturbations
under specific experimental conditions (Chapter 8). We showed that the stretch reflex
responses underwent substantial changes depending on how the muscle was fatigued
(eccentrically or concentrically) and on the predictability of the release of the per-
turbation. It would be interesting in the future to compare the results obtained from
these studies with those from a pathology population and to study any correlations and
differences.

RQ4. Is the proposed robotic assessment protocol accepted and feasible in patients with
neurological impairments?

We studied the implemented assessment protocol on three post-stroke patients (Chap-
ter 9). Despite the limited sample, we were able to test the feasibility and acceptance
of the protocol by verifying that all three patients could finish the protocol without
any effort. This study presented high repeatability of the estimated biomechanical
properties in the patients. In particular, it showed a high correlation between the func-
tional scale scores and the estimated biomechanical properties of the wrist. As a result,
the stiffness values calculated by our model are strongly correlated with upper limb
function: high stiffness values correspond to low wrist function and vice versa. Finally,
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this work has helped establish the WristBot as a tool to obtain sensitive assessments
of impairment after stroke. Crucially, our robotic device offers a novel and objective
alternative to current clinical assessment methods and may allow us to shed new light
on the actual manifestation of spasticity.

In conclusion, we have paid close attention to the WristBot throughout this dissertation.
The robot, derived from a research prototype, has been completely redesigned for transfer
to the clinical setting. Using this robotic device, we were able to implement the assessment
protocol for estimating the biomechanical properties of the wrist, which, among other
things, is easily transferable to the clinical setting due to its duration. The protocol lasts
approximately 5 minutes, including recording the grip force exerted during the assessment
session and detecting the onset of fatigue. This short duration makes the protocol more easily
accepted even by severe patients. In addition, the incorporation of actual grip force recording
becomes very useful in light of the extension of the experimental protocol to clinical settings.
Indeed, patients with abnormal muscle tone may have a different grip force level than the
healthy population. Therefore, having a tool to monitor this characteristic is advantageous
for understanding the biomechanical properties of the muscles involved and whether and
how they change during an evaluation session.

10.3 Limitations & future works

We designed and implemented an evaluation protocol that estimates the biomechanical prop-
erties of the wrist only during flexion-extension movements. However, the wrist rarely moves
in a purely flexion-extension direction in reality. The so-called dart thrower’s motion is the
wrist motion plane used during most activities of daily living. Specifically, the dart thrower’s
motion involves the rotation of the wrist along an oblique plane from radial extension to ulnar
flexion. Therefore, it is evident that if one wants to measure the biomechanical properties of
the wrist, one should consider this movement rather than individual rotational movements.
The initial idea of my PhD was to implement the protocol starting with a single axis and
then extend the implementation to the other two degrees of freedom. However, given the
difficulties of the last two years of the pandemic, we could not implement it.

Our study focused on analyzing the stiffness parameter as a combination of the intrinsic
properties and the reflex activity (if any) and not distinguishing between the two components.
However, it is worth noting that information on which component contributed more, thus
identifying which physiological mechanism weighed more, could be valuable in choosing
optimal therapy.
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Other limitations of this dissertation are related to the study of transferring the evaluation
protocol to the clinical setting: 1) The sample size was very small; 2) Positional perturbations
were provided at one velocity, precluding discussion of how biomechanical properties varied
as perturbation velocities changed; 3) No sEMG signals were recorded. While a larger
sample would have helped strengthen the results, the other two pieces of information could
have enriched the results. Indeed, it has been shown that the combination of sEMG signals
and biomechanical techniques is almost completely successful in characterizing the spasticity
syndrome.
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Appendix

This appendix contains additional detailed technical analyses that can help the reader support
our results. In the first section, we will present the grip sensor with the test our group
performed to ensure the repeatability of its measurements over time. In the second section,
we will present other analyses that support the validity of the mathematical model chosen to
extract the biomechanical properties of the human wrist joint. Finally, we will conclude this
section by attaching images of the raw signals from the sEMG measurements used in the two
studies described in Chapter 8.

Calibration of the grip sensor

The custom grip sensor wrapped on the robotic grip is an industrial prototype resulting from
a collaboration between a design company (BTS Design Innovation, http://www.btsdi.it/)
and the electronics team of the Italian Institute of Technology. The customized grip sensor
comprises a polyurethane foam covered with a nickel-copper wire. Specifically, when
the sensor is compressed, the electrical resistance of the foam decreases. The changes in
resistance are converted into an analogue signal, expressed in volts, through an external
electrical circuit and sent to the electronic board of the robot. Our research group worked
extensively with the electronics unit of our research institute to build an electrical circuit
embedded in the grip sensor that could ensure a linear relationship between resistance changes
and voltage changes. We have not yet published a method to validate the linearity of this
sensor, but our research group intends to do it shortly.

As described in Chapter 5, the grip sensor is glued to a cylindrical plastic holder that
precisely fits the robot handle. The grip sensor has also been used in some of our recently
published work [5, 6, 74] and is widely used in almost all of our research group’s ongoing
experiments. For the study presented in Chapter 6 and in order to define the grip levels to
be held, we performed an additional calibration procedure by asking each subject to exert
a maximum grip force first on a handheld hydraulic dynamometer (Baseline 7-Piece Hand
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Evaluation Kit, Fabrication Enterprises) and then on the sensorized robotic handle. We
assumed a linear relationship between the maximum tension on the sensor and the maximum
gripping force on the dynamometer. Thus, it was possible to directly relate the grip force
measured in Newtons (hydraulic dynamometer) to the change in tension (recorded via the
grip sensor).

Among the various tests performed on the sensor, we want to report those related to the
repeatability of its measurements over time. Since we did not have a specific instrument to
exert known loads on the grip sensor, we performed only qualitative tests. Specifically, we
asked a person (maximum grip force = 27.6 Kg) familiar with the robot and the grip sensor
to apply maximum forces sequentially on the grip sensor in two different tests. On one side,
multiple maximum forces were applied in 120 seconds (see Fig. 1a), whereas, on the other
side, four maximum forces were applied in 100 seconds (see Fig. 1b). We filtered the raw
signals with a smoothing algorithm over a 1-second window and identified the peaks: the
maximum grip forces were -0.751±0.020 and -0.773±0.052 (mean±std), shown in Fig. 1a
and Fig. 1b, respectively. As can be seen from the results, the peaks of the maximum forces
were repeatable over time and exhibited very low variance. Also, although the sensor did not
return to the same offset values, we were interested that the maximum force was repeatable
over time, which is what happened.

Mathematical model

Mechanical impedance of the robot

The uncertainty of the estimation of the mechanical impedance of the robot measured in the
experimental condition robot alone evaluated by the LSA procedure is reported:

Irobot = 0.017±0.002 kgm2

Brobot = 0.22±0.02 Nms/rad

Krobot = 0.14±0.20 Nm/rad

In order to test the differences between the Krobot evaluated in the robot alone configu-
ration and the Kwrist evaluated in the robot + hand configuration at the self-selection grip
condition (∼ 4% MVC Grip Force), we used a nonparametric one-way (Kruskal-Wallis)
analysis of variance (ANOVA) test. Considering the Kwrist values taken independently of
the direction and velocity of perturbations, Krobot and Kwrist were found to be statistically
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(a)

(b)

Figure 1 The grip sensor calibration tests in which a sequence of maximum forces is applied
to the sensor. The grey and red lines represent the raw and filtered signals, respectively.
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different (χ2 = 9.53 p = 0.002). Then, we decided to further investigate the statistical analysis
by studying the statistical differences between Krobot and the Kwrist values calculated for
each perturbation velocity condition. For each pair, we obtained a statistically significant
difference: Krobot and Kwrist in the slow velocity condition (χ2 = 9.95 p=0. 002), Krobot and
Kwrist in the medium velocity condition (χ2 = 5.22 p = 0.022) and finally Krobot and Kwrist in
the fast velocity condition (χ2 = 4.50 p = 0.034).

From the data recorded during the experiment presented in Chapter 6, we compared
the torques required to overcome the inertia, viscosity and stiffness of the wrist joint. We
examined only the data for the experimental condition of self-selected grip at low velocity.
The results are as follows: the calculated mean value of the inertial component of the wrist
was 0.067±0.0001 Nm, that of the viscous component was 0.062±0.009 Nm, and that
of the elastic component was 0.302±0.025 Nm. From this analysis, we can assert that
wrist rotational dynamics are dominated by stiffness rather than wrist inertia, in agreement
with the results found in Charles and Hogan’s study [40]. These values were evaluated
for the "slowest" perturbation condition (100 °/s). We must emphasize that our termed
"slow" velocity perturbation represents still a rapid movement for many activities of daily
living. Thus, we expect the statement to be correct for many real-life situations, e.g., for fast
movements typical of sports activities and workplace tasks.

We also evaluated the inertial, viscous and elastic torques of the robotic device in the
robot alone configuration in the slow velocity condition. The results are as follows: the
inertial component was 0.602±0.075 Nm, the viscous component was 0.426±0.076 Nm,
and the elastic component was 0.086±0.059 Nm. Finally, we compared the values calculated
for the wrist with those calculated for the robot. As expected, the robot weighed more for the
inertial and viscous components, while the hand weighed more for the elastic component.

Reliability of the mathematical model

As shown in Chapter 6, the goodness-of-fit (r2) between the model-generated and recorded
torque profiles evaluated for subjects under the nine different experimental conditions was
very high. The r2 obtained from fitting the mathematical model to the recorded data in the
different experimental conditions was higher than 0.88. For completeness, we performed
a sensitivity analysis in which the goodness-of-fit was evaluated by gradually adding one
parameter at a time to check the representativeness of r2. First it was analyzed with only
the inertia parameter (the results are shown in Table 1), then the B and K terms were added
separately (see results in Table 2 and Table 3, respectively). The goodness-of-fit assumed
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low values, and r2 was negative in most conditions, considering only the inertia parameter.
After introducing the viscosity parameter, the goodness-of-fit reached much higher values,
although not comparable to those obtained by considering all terms, including stiffness. In
conclusion, this analysis helps us understand how closely the regression model we chose
(eq. 10) fit our data profile.

Table 1 Goodness-of-fit (r2) between model-generated and experimental torque profiles
considering only the inertia parameter.

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.41±0.05 0.38±0.07 -0.01±0.13

Flexion 0.38±0.04 0.31±0.08 -0.08±0.13

40%
Extension 0.12±0.12 -0.03±0.17 -0.95±0.33

Flexion 0.12±0.12 -0.14±0.17 -0.95±0.36

60%
Extension -0.04±0.16 -0.30±0.30 -1.52±0.48

Flexion -0.03±0.16 -0.42±0.28 -1.60±0.49
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Table 2 Goodness-of-fit (r2) between model-generated and experimental torque profiles
considering only the inertia and viscosity parameters.

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.90±0.05 0.92±0.08 0.90±0.09

Flexion 0.90±0.04 0.92±0.08 0.90±0.09

40%
Extension 0.80±0.10 0.79±0.11 0.61±0.22

Flexion 0.80±0.11 0.78±0.11 0.58±0.21

60%
Extension 0.73±0.13 0.68±0.19 0.33±0.31

Flexion 0.76±0.12 0.67±0.19 0.33±0.32

Table 3 Goodness-of-fit (r2) between model-generated and experimental torque profiles.
Already shown in Chapter 6, but presented here again for comparison.

Velocity conditions

Fast Medium Slow

Grip
conditions

SS
Grip

Extension 0.91±0.04 0.94±0.05 0.98±0.02

Flexion 0.91±0.03 0.94±0.05 0.98±0.02

40%
Extension 0.90±0.06 0.93±0.05 0.97±0.03

Flexion 0.88±0.06 0.93±0.04 0.96±0.04

60%
Extension 0.88±0.06 0.92±0.05 0.97±0.03

Flexion 0.88±0.06 0.92±0.07 0.96±0.04
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Raw data of sEMG signals

Stretch reflex analysis of the fatigue task

This section shows the mean and standard error of the raw muscle activity of each recorded
muscle that was stretched by the perturbation. For example, the extensor muscle (ECR, see
Fig. 2) was reported only during position-controlled flexion movements and the flexor muscles
(FCU and FCR, see Fig. 3-4 respectively) were reported only during position-controlled
extension movements.

Figure 2 Raw sEMG of ECR during flexion movements. The vertical lines indicate the
duration of the displacement
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Figure 3 Raw sEMG of FCU during extension movements. The vertical lines indicate the
duration of the displacement

Figure 4 Raw sEMG of FCR during extension movements. The vertical lines indicate the
duration of the displacement
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Stretch reflex analysis of expected vs unexpected perturbations

This section shows the mean and standard error of the raw muscle activity of each recorded
muscle (FCR, FDS, FCU, ECR, ED, ECU) involved in the displacement. Each muscle was
differentiated based on the perturbation type: unexpected and expected, as indicated by the
blue and red lines in the figures below. We showed the raw muscle activity divided by the
direction of displacement, i.e., the responses of the muscles to extension movements and
those to flexion movements in the Fig. 5-6 respectively.

Figure 5 Raw sEMG measurements during extension movements. Unexpected and expected
perturbations in blue and red lines, respectively. The vertical lines indicate the duration of
the displacement
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Figure 6 Raw sEMG measurements during flexion movements. Unexpected and expected
perturbations in blue and red lines, respectively. The vertical lines indicate the duration of
the displacement
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