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Abstract 

Stroke is one of the main causes of disability and, according to data reported by the Italian 

national health service, more than 90000 hospitalizations are counted every year. Only the 25% 

of these patients completely recovers while the 75% survives but with disability. In addition, a 

stroke costs every year 16 billion to the Italian National Health Service and five billion to 

families. After a stroke event, the impaired patients need assistance and rehabilitation to restore 

their independence as much as possible. For mildly disability, rehabilitation is divided in two 

phases, first in the hospital and then at home where, however, a significant number of patients 

drop out the therapy for lack of assistance. Recently, telerehabilitation has been playing a fun-

damental role, representing a potential solution to help patients to continue their therapy. In 

this context, a home-based neuromotor telerehabilitation system (DoMoMEA) for mild-im-

paired stroke patients implementing a full-body rehabilitation protocol has been presented. The 

main goal of the DoMoMEA system was to engage patients during the rehabilitation with mo-

tor exergames which can quantitatively monitor their progress over the weeks and at the same 

time give them motivational feedback. To this end, the real-time joint kinematics was estimated 

using a network of wearable inertial sensors (IMUs) and a set of biomechanical parameters 

such as the range of motion (ROM) was extracted. However, the accuracy of the joint kinemat-

ics time series and the reliability of the biomechanical parameters could be affected by several 

factors such as the anatomical calibration procedure, the presence of soft tissues artefacts, and 

errors due to the IMU orientation reconstruction.  

The aim of this work was to assess the accuracy of the joint kinematics estimation as provided 

by the DoMoMEA system using a stereophotogrammetric system as reference. Moreover, the 

reliability of the estimated ROM was evaluated in terms of absolute agreement using the intra-

class correlation coefficient (ICC) during a test-retest session of nine planar rehabilitation ex-

ercises including flex/extension of the elbow, wrist, knee, hip, ankle and trunk, ab/adduction 

of the shoulder, and the trunk rotation around both the vertical and the antero-posterior axes. 

Nine healthy subjects (25 ± 2.1 y.o.) were tested and equipped with eight wearable inertial 

measurement units (IMUs) applied with elastic straps on the body segments of interest and 49 

retro-reflective markers (Davis protocol) for the reference joint kinematics. For the first test 

session, subjects performed 20 repetitions of each exercise at about 1/3, 2/3 and 3/3 of their 

maximum ROM and the values obtained with both DoMoMea and stereophotogrammetric sys-

tems were used to compute the root mean square difference (RMSD) between the time series. 

During retest subjects performed 20 repetitions of each exercise, at their maximum ROM. The 
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twenty ROM values were thus averaged to calculate the ICC(3,k). During the tested exercises 

and the different motion amplitudes, average RMSD amounted to less than 6 deg, which is 

acceptable according to McGinley (2009), for all joints but for the elbow (13 deg). These larger 

differences observed at the elbow joint are probably due to a different definition of anatomical 

upper arm axes for the two systems. The ICC values highlighted a good reliability of the IMU-

based measurements for the exercises of the wrist, knee, ankle, and trunk rotation around an-

tero-posterior axis with ICCs between 0.79 and 0.89, but a moderate reliability for the elbow 

which amounted to 0.64 despite highly repeatable movement within session. A moderate reli-

ability resulted also for the shoulder, hip, and the trunk flex/extension, with ICC between 0.69 

and 0.73. For hip and shoulder, the reason of these results could be found in the IMU’s elastic 

strap movement caused by muscle contractions, wobbling of soft tissues, and skin stretch-

ing/sliding. However, the trunk rotation around the vertical axis presented a poor reliability 

that amounted to 0.40 probably because the trunk movement was weakly constrained, and its 

amplitude was difficult to reproduce between sessions. Similar results were observed also for 

the reference. Overall, the ICC results highlighted a good agreement between the IMU and 

reference measurements but for the wrist, hip, and trunk rotation around the vertical axis. The 

findings of the present work are encouraging for future validation on stroke patients in the 

validation protocol. 
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1 Clinical relevance 

1.1 The stroke event and scale of problem 

Stroke is a major cause of neurological morbidity and mortality worldwide. In industrialized 

countries, stroke constitutes the second or third most common cause of death after cardiovas-

cular disease and cancer and the second most common cause of dementia among older individ-

uals, after Alzheimer's disease [1].  

According to a report of 2018 performed by “Osservatorio Ictus Italia” in our country people 

who had a stroke and survived, with disabling outcomes, were about 940,000 but the phenom-

enon was constantly growing. This report affirmed that 80% of stroke events was represented 

by the ischemic stroke which ended often with the death after 30 days from the events for 20-

30% of the total number of stroke patients. 

In the research conducted by R. A. Grysiewicz [2] the stroke is the rapid development of a 

focal neurological deficit caused by a disruption of blood supply to the corresponding area of 

the brain and this causes the death of nerve cells in that area. Consequently, neurological func-

tions controlled by that area (which may involve arm or leg movement, speech, vision, hearing, 

balance, etc.) are lost. According to data found in the “Ministero della Salute” web site the 

stroke is most common after 55 years old and the risk doubles at each decade. The stroke def-

inition involves two type of disease the ischemic and the hemorrhagic stroke, but it is important 

to know that a stroke occurs almost always a transient ischemic attack (TIA). TIA is a focal 

neurological deficit that lasts less than 24 hours, and it is a predictor of stroke in fact the risk 

of it occurring is greatest in the first 90 days after the attack. Ministero della Salute” web site 

reports that about one-third of people who suffered of a TIA is more prone to stroke within five 

years after TIA.   

So, stroke can be classified into ischemic (occlusion of a blood vessel) or hemorrhagic (rupture 

of a blood vessel). Hemorrhagic stroke includes also intracerebral hemorrhage (bleeding within 

the brain) and subarachnoid hemorrhage (bleeding between the inner and outer layers of tissue 

covering the brain within the subarachnoid space). On the other hand, exist some subtypes of 

ischemic stroke based on the mechanism of injury. These subtypes include atherosclerosis of 

the great arteries, cardiogenic embolism, small vessel occlusive disease, stroke of other deter-

mined cause, and stroke of undetermined cause. 

Figure 1.1 shows in a sample image what happens in the brain during different types of strokes. 
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Figure 1.1: The types of strokes in the brain. Illustration from: https://www.healthline.com/health/stroke 

 

 

1.2 The role of telerehabilitation 

The types of strokes are different and also the patients survived. Several of them survive but 

with disability and need assistance and rehabilitation. The therapy is very important to help 

stroke survivors to restore as much motor control as possible and to return to their normal and 

independent lives. Typically, for mildly and moderately impaired patients the rehabilitation, is 

delivered in two separates but equally important phases, first in the hospital and then at home, 

after discharge [3]. In the first phase patients are assisted by clinicians, but at home they are 

given only instructions to try to perform exercises autonomously without supervisors. Thus, 

leading several patients to drop out the therapy for the lack of desire, ability, and assistance. In 

addition, it is just the absence of supervision during exercises that causes uncorrected compen-

satory movements, which should be performed properly to reach the desired goal instead they 

are often unnatural and incorrect. Taking into account of this tendency, the telerehabilitation 

could be a solution to help therapists to monitor patients at distance so guide them in a correct 

execution of the exercises but also optimize timing, intensity, and duration of therapy.  

Telerehabilitation takes care of the delivery of medical rehabilitation services and the support 

of independent living, using low-cost communications technologies. Telerehabilitation offers 

several advantages to patients’ environment because it is facilitated to continue the therapy and 

be monitored also without a real time intervention of a specialist. Particularly the motor telere-

habilitation is closely dependent on the modern wearable sensors that provide the acquisition 

of movement data. The presence of sensors, e.g., inertial measurement units (IMU) for the 
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acquisition of movement cinematics is fundamental in a system for motor telerehabilitation 

because it allows real-time feedback to the patient on the quality of the movement performed. 

However, this part of telemedicine involves clinical disciplines such as speech-language pa-

thology, physical therapy, and neuropsychology rehabilitation and about patients especially 

those post stroke, brain or spinal cord injuries, amputation and orthopedic or developmental 

impairments [4]. In this work the home based telerehabilitation system, DoMoMEA wants to 

offer to post-stroke patients a telerehabilitation service based on exergame to make the therapy 

more interesting. To reach this goal patients can obtain motivational feedback in real-time after 

each exercise and then funny graphic interfaces were thought like shown in the Figure 1.2 

(taken from Zedda et al., 2020). This system is based on a network of wearable sensors, IMUs, 

cited before and implements a full-body rehabilitation protocol that consists in 15 exercises. It 

is fundamental that during the development of these system users (e.g., patients, clinicians, 

medical staff) are taken into account [5]. The technology used in the system in fact must be 

user-friendly and suitable for all ages users, even for those unfamiliar with technology or with 

some cognitive deficit. In [4], Brennan et al., also reported information about the increasing of 

the rehabilitation demand, due to the aging population and the real improvement of the patients 

who received the therapy. But the growth of the demand leaded to physician shortages in fact 

rehabilitation providers were turning to telerehabilitation as a means to improve quality of care 

and reduce costs. 

 

 

Figure 1.2 : A serious interface of the telerehabilitation system presented on the left and an exergame on the 

right. 
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1.3 Aim of the work 

The aim of this thesis was to assess accuracy firstly and then the test-retest reliability of tele-

rehabilitation system for post-stroke patients: the DoMoMEA system based on wearable iner-

tial measurement units. This system is explained in more detail in the following paragraph. For 

validation purposes the biomechanical parameter i.e., the joint range of motion (ROM) and the 

angle time series extracted using the IMUs were compared to those provided with a gold stand-

ard for movement analysis research, the stereophotogrammetric system (SP). The experimental 

protocol consisted in a set of nine planar rehabilitation exercises performed by healthy subjects. 

The accuracy was assessed in particular by comparing the kinematics extracted during execu-

tion of each exercise through the computation of root mean square difference (RMSD) between 

the angle time series estimated by the SP and the DoMoMEA system. Then test-retest reliabil-

ity was evaluated by extracting the ROM that was employed to compute the intraclass correla-

tion coefficient (ICC). The latter is the most common metric to assess the capacity of IMUs to 

give the same results during two different acquisition sessions organized in two different day 

a week apart. This is important to test IMUs and make sure that they are not affected to errors 

due to the relocation on body segments of interest.  
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2 Introduction 

2.1 The DoMoMEA project 

DoMoMEA which means ‘my home’ in Sardinian language [6] is a home-based neuromotor 

telerehabilitation system for mild-impaired stroke patients. Nowadays, DoMoMEA represents 

the only portable rehabilitative system that specifically focuses on post stroke full-body recov-

ery by using wearable and inertial technologies in a game-based training context without as-

sistance. It is a customized and dynamic intervention telemonitored by the clinicians [3].  Real-

time joint kinematics is estimated using a network of IMUs and a set of biomechanical param-

eters, among which the range of motion, are extracted to monitor patients’ progress overtime. 

Its principal aim is to bring the motor rehabilitation for stroke patients at home even if, this 

type of rehabilitation protocol is difficult to transfer at home without assistance due to the pe-

culiarities of the impairment and the kind of exercises to be performed. For this reason, the 

DoMoMEA system provides an architecture which permits to follow patients at a distance give 

them real-time scores and feedback through home patient’s TV. 

 

In the Figure 2.1 taken from Zedda et al., 2020 the architecture is reported which is divided 

into three parts [6]: 

 

1) The DoMo system on the left that is composed by all instrumentations at patient’s 

home: seven IMUs connected via Bluetooth, an Android TV-box, with a simple HDMI 

connection to patient’s TV and Wi-fi connectivity, which enables the use of a large 

screen for exergames.  

2) A server, on the top of the figure, to connect both patient and clinicians an to collect 

data which will be consulted by specialists. 

3) On the right the medical environment and the web application where patients can find 

their own personal data and clinicians can modify the features of each patient’s therapy. 
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Figure 2.1 : An overview of DoMoMEA; on the left patient's environment involving IMUs, Minix and a TV, on 

the top a server where data are collected and, on the right, the medical environment. 

 

2.1.1  Inertial measurements units (IMUs) 

Traditionally, the human movement is captured by motion capture systems like the stereopho-

togrammetric system. Although the SP was used as a reference because it is considered the 

gold standard, but it has some disadvantages because it requires special equipment, is time 

consuming [7], dependent on patient compliance, and with it is not possible to perform exper-

iments out of laboratory. It is known also that this system is costly, require fixed cameras in a 

controlled environment, and suffer from marker occlusion. For this reason, an emerging tech-

nology with a growing number of potential applications in human movement analysis is in 

continuous development. These are low-cost wearable inertial sensors which usually contain-

ing accelerometers, gyroscopes, and magnetometers with the objective to provide an alternative 

to overcome the limitations of motion capture systems [8].  

Magneto–inertial sensing offers several advantages, but the main is the capability to provide a 

continuous description of the subject motor performance in his/her specific daily life [9]. In 

addition, wearable inertial sensors are characterized by low-power consumption and miniatur-

ization. 

These systems are composed, typically, by an array of sensors: a three-axial accelerometer, 

gyroscopes, and magnetometer:  

 

• Magnetometer allows to obtain some information about orientation on horizontal plane, 

but the last one is not used in this thesis work because of several ferromagnetic disturb-

ances around patient’s environment. For this reason, an indetermination on horizontal 

plane is presented and to solve this problem is good starting from known sensors posi-

tions.  
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However, its output calculation reported in (2.1.1). The 𝒉ℎ𝑖 is the hard-iron errors, this 

term represents an offset due to the permanent magnetization of the ferromagnetic ma-

terials which move in solidarity with the magnetometer. In addition, 𝒃𝑚 and 𝒘𝑚 re-

spectively the bias and the white Gaussian noise corrupt the magnetometer output. 

 

𝒉 = (𝒉𝒉𝒆𝒂𝒓𝒕 − 𝒉𝒉𝒊) + 𝒃𝒎  +  𝒘𝒎 (𝟐. 𝟏. 𝟏) 

• Accelerometer measures specific forces (𝒂), the vector difference between the acceler-

ation of the body (𝒂𝑏𝑜𝑑𝑦) and the gravity acceleration (𝒈), along three axes and allows 

to derive an angle of inclination reliable in statics with respect to the horizontal. Its 

main disadvantage is that it doesn’t carry any information of orientation in the horizon-

tal plane. A single axis accelerometer can be modelled as a spring-mass model which 

can move only along the spring’s axis [10]. The formula of the accelerometer output 

reported in (2.1.2) where 𝒃𝑎 is the bias error, and 𝒘𝑎 is the white Gaussian noise:   

𝒂 = (𝒂𝒃𝒐𝒅𝒚 − 𝒈) + 𝒃𝒂  + 𝒘𝒂   (𝟐. 𝟏. 𝟐) 

 

It is important to note that this system can measure not only dynamic but also static 

accelerations, such as for example the Earth’s gravity. To measure acceleration in all 

three spatial dimensions three uniaxial accelerometers are mounted perpendicular to 

each other to form a 3D (triaxial) accelerometer. In static condition the first term of 

expression is null, so the only sensed acceleration is the gravity. For this reason, is now 

possible to obtain desired information i.e., the initial inclination of unit with trigono-

metric formulas. In dynamic instead the terms of expression (2.1.2) are both different 

to zero in fact the only output acceleration can’t distinguish them. With gyroscope will 

be possible to get to missing information.  

 

• Gyroscope essentially consists of a toroid-shaped rotor that rotates around its axis, when 

the rotor is rotating its axis tends to keep parallel to itself and resist any attempt to 

change its orientation. This sensor measures angular velocities along its axes, the main 

equation of this sensor reported below in (2.1.3) is similar to that of the accelerometer. 

The 𝒃𝑔 is in fact the gyroscope bias which will be computed and then subtracted to the 

sensor’s readings. At the end 𝒘𝑔 represents the white Gaussian noise.  

𝒘 = (𝒘𝒃𝒐𝒅𝒚 − 𝒈) +  𝒃𝒈  +  𝒘𝒈  (𝟐. 𝟏. 𝟑) 
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2.2 Methods for the joint angle estimation 

The joints are on basis of human movement analysis which aim is to give quantitative infor-

mation about the mechanics of the musculo-skeletal system during the execution of a motor 

task. In particular, the information to be obtained concerns the movement of the whole-body 

center of mass; the relative movement between adjacent bones [11]. 

The joint kinematics involves the reconstruction of the relative orientation of the reference 

systems fixed with the bone segment under examination. This means to calculate temporal 

trend of six scalar quantities: three relatives to orientation and three relatives to the position. In 

this section the focus is the explanation of the principles adopted to estimate the joint angle 

time-series starting from the orientation of the two IMUs attached to the proximal and distal 

segments of the joint under analysis.  The two segments are connected by a spherical joint 

which allows three degrees of freedom, and the joint kinematics is defined as the relative ori-

entation between the two anatomical axes. One of the first problems in estimation of joint kin-

ematics using IMUs is the unalignment between technical axes of each unit (xLp, yLp, xLd, yLd) 

and the relevant anatomical axes (xAp, yAp, xAd, yAd) as shown in the Figure 2.2 below.  

 

 

 

 

Figure 2.2: The unalignment between anatomical axes and the IMUs axes. 
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However, it is necessary to estimate the unit orientation which is an output of the device. Alt-

hough all three sensors in each inertial could be used, individually, to obtain information about 

the orientation of the rigid body where IMUs are fixed, but this variable is not directly measured 

by any of them. For this reason, it can be estimated by sensor fusion algorithms which exploit 

the complementary properties of sensors and address the different sources of error effecting the 

sensors (like gyroscope bias drift, inertial acceleration, magnetic field distortion) [12].  

Sensor fusion algorithms only provide the orientation of the IMU coordinate system, with re-

spect to the global coordinate system which is defined by the directions of the Earth’s gravity 

and magnetic North and in general not aligned with the coordinate system of the body-segment 

where the IMU is attached (BCS). Therefore, a “sensor-to-segment- alignment” procedure must 

be implemented to determine the relative orientation between BCS and IMU coordinate system 

[13]. 

In this work inertial measurement units consisting of a three axial accelerometer and a three-

axial gyroscope, approximately mounted in one of principal body. In theory, a calibrated IMU 

measures 3D angular velocity and 3D acceleration and gravity with respect to the sensor hous-

ing. Given an initial position and orientation, ideally these signals would contain sufficient 

information to derive the IMU kinematics completely. The orientation can be obtained using a 

known initial orientation and the change in orientation that can be obtained using gyroscopes 

[14]. 

2.3 Biomechanical parameters of interest 

Biomechanical parameter, i.e., the joint ROM extracted from the time waveform of angles was 

employed to quantify patients’ progresses. These variables were obtained with IMU-based sys-

tem and compared with a marker-based system i.e., the SP used as a reference for the validation 

of the telerehabilitation system. The validation was computed with extraction of ROM, the time 

of execution and the calculation of RMSD such as an error measure. 

Nowadays clinical measurements of ROM have an important impact to choose the correct ther-

apy procedure. For this reason, it is fundamental to interpretate the results correctly because 

they can have a substantial impact on the development of the scientific basis of rehabilitation 

inventions [15]. 

Generally, this parameter is measured before and after therapy treatment to estimate any sub-

stantial differences and its measures can be performed on specific joints, and if patient’s motion 

is limited, the therapist can determine if the cause is muscle tightness or pain or tightness of 

ligaments or tendons [16]. 
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The ROM is defined as the maximum possible amplitude of movement within the limits phys-

iologically imposed by the joints, tendon, and ligament. So, it is an index of joint flexibility, 

and it is usually measured in degrees. In particular, when a subject performs a movement which 

involves specific body segments the ROM is the difference between the maximum and the 

minimum angle reached during the exercise. This quantity has been calculated for both systems 

and for each joint involved in the study. For example, for the shoulder the ROM computation 

for SP and IMU is shown in the expressions below:  

 𝑅𝑂𝑀 = max (𝐴𝑛𝑔𝐼𝑀𝑈) − min (𝐴𝑛𝑔𝐼𝑀𝑈) (2.3.1) 
 

 𝑅𝑂𝑀 = max (𝐴𝑛𝑔𝑆𝑃) − min (𝐴𝑛𝑔𝑆𝑃)    (2.3.2) 
 

Where ‘AngIMU’ is the angle time series extracted from sensors and ‘AngSP’ is the same 

angle time series extracted from the reference system. The execution time was also computed 

and the equations (2.3.3) and (2.3.4) suggest its calculation. The computation of execution time 

provides the difference between the point corresponding to the end of repetition (endRep) and 

the point corresponding with the start of repetition (startRep).  

 𝐼𝑀𝑈 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 = 𝑒𝑛𝑑𝑅𝑒𝑝 − 𝑠𝑡𝑎𝑟𝑡𝑅𝑒𝑝   (2.3.3) 
 

 𝑆𝑃 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 = 𝑒𝑛𝑑𝑅𝑖𝑝 − 𝑠𝑡𝑎𝑟𝑡𝑅𝑖𝑝    (2.3.4) 
 

Where ‘𝐼𝑀𝑈 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒’ is the time spent to perform the exercise with IMU and 

‘𝑆𝑃 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒’ is the same quantity obtained with SP. 
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Figure 2.3 : Example of shoulder angle series on top and below a detail of one repetition where the horizontal 

line represents execution time and the vertical one is the amplitude of movements, the ROM. 

The last parameter used for validation is RMSD, i.e., rms of difference between angular curves 

extracted with IMU and SP system, but after removal of eventual offset, the mean of all angle 

temporal series.  

For each joint the calculation was: 

 𝑅𝑀𝑆𝐷 = 𝑟𝑚𝑠((𝐴𝑛𝑔𝐼𝑀𝑈 − 𝑚𝑒𝑎𝑛(𝐴𝑛𝑔𝐼𝑀𝑈)) − (𝐴𝑛𝑔𝑆𝑃 − 𝑚𝑒𝑎𝑛(𝐴𝑛𝑔𝑆𝑃))) (2.3.5) 
 

The mean value, offset, had to be removed due to a different definition of anatomical reference 

system from the two systems as explained in [17].  

RMSD value was an error evaluation between two system, so it was important to validate IMU-

based system. McGinley suggested that errors more than 5 deg should raise concern and may 

be large enough to mislead clinical interpretation [18]. His systematic review was demonstrated 

that most studies providing estimates of data error reported values of less than 5 deg, except 

for hip and knee rotation. 

 



24 

 

 

Figure 2.4 : The outcome shoulder angle series after 10 repetitions at 3/3 of subject’s maximum ROM, on top the 

angle series with offset and below the series after offset removal. 
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3 Experimental session 

3.1 Material and methods 

The experiments of this work were conducted in the Biolab of Politecnico di Torino showed in   

Figure 3.1, appropriately equipped with the instrumentations to perform tests of movement 

analysis.  

Two systems were involved: 

• Stereophotogrammetric system as the reference 

• IMU-based system to validate 

The SP required the use of 

1. 12 Vicon cameras: infrared cameras, because IR light reduces the artefacts produced 

by the natural light since the crosstalk is decreased. 

2. 3 cameras RGB to record video of experiments.  

3. An active wand for calibration of system: a rigid structure (Figure 3.2) on which are 

mounted marker with a known geometric configuration.  

4. 49 passive markers: spherical balls coated with a retroreflective material to reflect IR 

light which do not require feeding and that have been applied on the subjects according 

to Davis protocol [19]. This marker set was necessary to use two different models: the 

Plug in Gait of Nexus + upper limb model (ULM) of GPEM (GPEM s.r.l, Pescara, Italy, 

https://www.gpem.net/) and the correct placement of marker are in Figure 3.3.  

5. A force plate AMTI (Advanced Mechanical Technology, Inc Watertown, USA) for the 

synchronization between two systems. 

6. Nexus software (v. 2.12): for extraction of files containing angles and forces. 
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Figure 3.1 : Biolab Research of Politecnico di Torino 
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Figure 3.2 : The force plates and active wand v2. 

 

 

 

 

Figure 3.3 : Davis protocol on the left and the Upper Limb Model on the right. 
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The IMU-based system was composed by 

1. Seven IMUs: these sensors were attached on the bands provided; the top of the cases of 

the IMU was marked with seven different colours to distinguish the body segment on 

which it should be applied more easily.   

2. Elastic straps: the bands were made up of two substrates: a neoprene’s substrate and 

another one of Velcro-plush for the sensors that must be keep firmly in a specific posi-

tion during exercise.  

 

The complete set is shown in Figure 3.4. 

 

Figure 3.4 : The set of DoMoMEA; 7 IMUs, elastic straps, Minix and a TV remote controller. 

 

 

The validation protocol consisted of several steps. At the beginning the sensor were turned on 

and left on the table to warm up for about ten minutes to reduce temperature effects on the 

sensor’s readings [20]. After that it was possible to compute the gyroscope bias with 221e 

software that was removed to improve the estimation of angular velocity. Meanwhile the 49 

markers were prepared, so each ball was attached on a piece of bio-adhesive tape that then was 

placed on the subject’s skin. After that the SP system was prepared using Nexus software and 

following three fundamental steps before to start the acquisitions.  

- Mask cameras was the first operation after creating the file related to the subject under 

analysis and it was necessary to mask any light reflections. 
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- Full calibration which allowed to the optoelectronic system to find the relationship be-

tween the coordinates of the camera image plane (2D) and the coordinates X, Y and Z 

of the marker in space (3D) and consisted in showing the active wand to all cameras to 

determine the geometric and optical characteristics of cameras (internal parameters) 

and the position and orientation of the camera frame relative to a certain laboratory 

frame (external parameters) [6], in this case the frame selected were 2500. 

- Set origin for the reference system of laboratory. The wand was placed like showed in 

Figure 3.2 

 

At this point the subject was prepared with marker to obtain the joint kinematic reference and 

with five IMUs; 1,2,5,6,7 respectively on foot, hand, wrist, upper arm and thorax (Figure 3.6) 

at the beginning for upper limb exercises and then with the same IMUs but for 2, on foot, ankle, 

thigh and pelvis (Figure 3.7) for lower limb exercises. Before starting the acquisitions, a cali-

bration refinement was always performed. 

Now was possible to acquire the subject firstly in a static position for a few seconds with left 

leg forward and left arm at shoulder height, as shown in Figure 3.5. This operation allowed to 

perform the manual labelling of marker set i.e., to associate the real marker to the light point 

returned by cameras. The asymmetry was needed to ease the identification of the right and left 

body sides. Then, a post-processing of the static recording consisting of three pipelines (KAD 

static processing, Plug in Gait Static and ULM_GPEM – Static pip) was executed on Nexus to 

calibrate the subject. It is important to make attention on the first pipeline cited that reports an 

acronym i.e., KAD (knee alignment device). The KAD in fact was a device with three marker 

which permitted to compute the rotation center of the knee [21] and in these models used it 

was simulated with the medial marker. In addition, these could be removed during dynamic 

acquisitions. However, at this point to the subject was asked to perform the desired movements 

for dynamic acquisitions, starting with shoulder, wrist elbow and trunk exercises. After the 

shifting of the IMUs on the inferior arts and recording a second static trial only with sensors it 

was possible to perform trials involving knee, hip, and ankle. At the end of recordings data 

collected during all trials were extracted from each IMUs and saved in .txt files and then in 

Nexus all trials were processed, to obtain model outputs and to extract variables of interest into 

two files .txt (Angles and Forces) after the anthropometrics parameters were entered on the 

software.  

Post-processing steps in Nexus were: 

- Launch shortcut ‘Reconstruct and label’ 
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- Gap filling to fill holes caused by marker occlusion 

- Launch pipeline: Plug in Gait Dynamic + ULM_GPEM – Dynamic pip  

- Launch Export ASCII to exported desired information 

 

 
Figure 3.5: Static position 
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Figure 3.6 : The experimental equipment for upper limb exercises. 

  

arm 

forearm 

hand 

foot 

trunk 
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Figure 3.7 : The experimental equipment for trials involving lower limbs. 

 

3.2 Experimental protocol  

In this work nine healthy subject both females and males between 23 and 28 years (25 ± 2.1 

y.o) were involved. They were called twice for a test and retest session and asked to perform a 

set of nine planar rehabilitation exercises that involved upper, lower limbs and the trunk. The 

exercises were the following, in order of execution (the first letter corresponds to the joint 

involved and the others refer to the movement performed): 

1. SAA: shoulder Abduction/Adduction (AA) 

2. WFE: wrist flexion/extension (FE) 

3. EFE: elbow FE 

4. TRV: Trunk rotation (R) around vertical axis (V) 

5. TAP:  Trunk R around antero-posterior axis (AP) 

6. TFE: Trunk FE 

7. KFE: Knee FE  

8. HFE: Hip FE  

9. AFE: Ankle FE  

pelvis 

thigh 

ankle 

foot 
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During first experimental session each subject performed twice three series of ten repetitions 

for each exercise. The three series were distinguished from each other by the amplitude of 

movement, these three amplitudes were: 

• Small: ~ 1/3 ROM max 

• Medium: ~ 2/3 ROM max 

• Large: ~ 3/3 ROM max 

 

Table 1: Overview of total recordings during test session for each subject; two is the number of recordings and 

three are the movement amplitudes requested. 

 SAA WFE EFE KFE HFE AFE TRV TAP TFE TOT  

IMU 2x3 2x3 2x3 2x3 2x3 2x3 2x3 2x3 2x3 54 

SP 2x3 2x3 2x3 2x3 2x3 2x3 2x3 2x3 2x3 54 

 

One week apart was organized another recording session for the retest and the subject per-

formed again twice the nine exercises listed before, but only one series of ten repetitions at ~ 

3/3 of his maximum ROM.  

 

Table 2 : Overview of total recordings during retest session for each subject; two is the number of recordings and 

three are the movement amplitudes requested. 

 SAA WFE EFE KFE HFE AFE TRV TAP TFE TOT  

IMU 2x1 2x1 2x1 2x1 2x1 2x1 2x1 2x1 2x1 18 

SP 2x1 2x1 2x1 2x1 2x1 2x1 2x1 2x1 2x1 18 

 

The subjects were seated during each exercise, on a chair without a backrest and armrests but 

for the TFE where the subject was standing. He was in the centre of the capture volume and in 

front of the force plate that must be beat at the beginning and at the end of each trial. However, 

this type of chair permitted to occlude marker as little as possible. 

The recordings were made with both systems IMU, and SP and the steps were:  

1. Start acquisition with IMU software. 

2. Start recording with Nexus. 

3. Three beats on the force plate with the foot to identify the first synchronization point. 

4. Performance of the first series of the first exercise (10 rep) keeping ROM about 1/3 of 

the possible (small amplitude). 

5. After about a pause of 10 seconds the subject repeated the same exercise, so 10 reps at  

medium amplitude trying to maintain ROM at about 2/3 of his maximum. 
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6. Other 10 seconds of pause and then the subject performed 10 rep. at large amplitude, 

keeping the ROM as high as possible. 

7. At the end, other three beats on the force pad with the foot in order to identify  

the second synchronization point, that will correspond with the end of the exercise. 

8. Stop recording with Vicon. 

9. Stop IMUs’ acquisition. 

10.  All steps were repeated after starting a new recording and for each exercise. 

 

The subjects started with the first six exercises of the list in the previous page, then the sensors 

were shifted on the lower limbs and the recording’s steps (1-10) were repeated.  

In the figure below an example of a subjects during execution of nine planar exercises and in 

particular for the exercise of the shoulder (on the left of Figure 3.8) and the large amplitude it 

was thought to place an obstacle to make the movement as repeatable as possible. Instead dur-

ing wrist exercise was used a table to support the elbow because it was important that it did not 

elevate. For the retest session the steps were the same except for 5 and 6 that did not perform. 

 

  
Figure 3.8 : Shoulder exercise (on the left) and wrist exercise (on the right). 
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Figure 3.9 : From left to right the elbow flex/extension and the trunk rotation around vertical axis. 
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Figure 3.10: The trunk rotation around antero-posterior axis (on the left) and the trunk flex/extension (on the 

right). 

 

 

 

 

 

 

 
Figure 3.11 : Respectively from left to right; knee, hip, and ankle flex/extension. 
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4 Data processing 

4.1 Data pre-processing 

The following processing was done on MATLAB (R2021b, The MathWorks Inc, Natick, MA, 

USA). 

First, the synchronization between two systems is performed and so the peaks in the Figure 4.1 

are used. The signals were cut between the third peak of the first group i.e., the green line that 

indicated the movement starting, and the first peak of the second group of peaks (red line i.e., 

the end of the movement).  

 

Figure 4.1: The peaks used to synchronize IMU (on the top) and SP. 

 

IMU signals were cut, and resampled at 100 Hz, in this way the signal length was the same of 

the SP signal. Then data were segmented in three series of ten repetitions, filtering SP signals 

with a very low filter to obtain the envelope, which was made negative to make the segmenta-

tion easier.  
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Figure 4.2: In blue SP signal and in orange SP envelope (fs=100 Hz), the blue lines sign the start and the end of 

the movement, the black dotted line denotes the end of the first series and the red one signs the end of the second 

series.  

 

Figure 4.3: The plot shows SP and IMUs signals to check the synchronization. 

 

To check the whole synchronization a plot with the IMU and SP signals was made.  

Now the synchronization had to be refined because the shot given by the foot was an impulse, 

so it had a larger bandwidth than the signal of interest, and the alignment was affected by 

uncertainty. To reduce the misalignment between the angle’s series, the delay was changed, 
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and with this operation it was possible to minimize the objective function given by the RMS 

of the difference of the two angle’s curves. This step which consisted in the translation on the 

time axis of some sample permitted to reduce error of some degrees like Figure 4.4 shows.   

The preparation of raw data was completed, and now it was possible to launch validation code, 

to count the repetitions and compute the quantities of interest for the comparison between the 

two systems and the statistics.  

 

 
Figure 4.4: The misalignment reduction 

 

RMSD = 1.9 

RMSD = 5.2 

IMU 

SP 

IMU 

SP 
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4.2 Parameter extraction and metrics definition 

4.2.1 Accuracy 

The counting of the repetitions was made by the double threshold method, the beginning of 

each repetition was marked by the second threshold (th2) crossing, the highest one, in the ascent 

time and the end of movement after the first threshold (th1) crossing during the descent time, 

in other words the counting of one repetition occurred with the threshold crossing in the fol-

lowing order: th1, th2, th2, th1. As example a figure of a series of shoulder adduction/abduction 

is reported in Figure 4.5. 

At the end with the angle time series extracted from both systems it was possible to calculate 

the RMSD after removal of offset, i.e., the mean value of the angle series. The offset was the 

result of the different definition of anatomical systems. The Figure 4.6 shows the difference 

and the RMSD value for a specific trial. 

 

 

Figure 4.5:The figure is an example of validation code output: the count of the repetitions for shoulder exercise. 

The green line denotes the start of the repetition and the blue one the end of the same rep. The title updates when 

a new repetition is counted. 
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Figure 4.6: The angle waveforms with offset on the left and after the removal on the right. 

 

The number of repetitions, the averaged ROM and execution time, and the RMSD were shown 

on the screen. The RMSD values of each exercise were saved for each subject. Keeping sepa-

rate the three amplitudes the RMSD values of each subject and for each exercise were averaged 

to obtain nine mean values, corresponding to the nine planar exercises computed. In this way 

it was possible to have a clearer overview of mean errors between the two systems.  

 

4.2.2 Reliability  

The second aim of this thesis work was the computation of test-retest reliability to study the 

variability of the ROM due to the placement of the IMUs and SP markers on the subject’s skin 

during the two experimental sessions. In fact, it is supposed that such variability can influence 

the ROM values. In particular, only the ROM related to the movement at the widest amplitude 

was considered for the test-retest analysis because it was the most repeatable. The test-retest 

method is the simplest method for testing the correlation between the results obtained from 

testing the same subjects twice in two different times. Theoretically, a test retaken after a 

month, for example, should give the same results of the first test performed one month before, 

to confirm that it was a reliable test. So, when a test-retest reliability was performed, some 

systematic differences in the population measurements between the first and second test could 

occur due to learning or habituation from repeated exposure to the measure’s tests.  

The computation of test-retest reliability was performed taking into account the twenty values 

obtained for each subject after the two recordings of each exercise performed at the same am-

plitude (one recording = 10 ROM values). These values were averaged to obtain a single mean 

value for each session (test and retest), namely 𝜇i,j, where i = subject {#1,…,#9}, j = {1,2} for 

IMU 

SP 
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test and retest, respectively. Table 3 shows the organization of the results obtained for test and 

retest sessions during each exercise. 

 

Table 3: 𝜇𝑖,𝑗= the mean value of each matrix M, i=subject, j= experimental session (1=Test, 2= Retest). 

 

Then, to assess the test-retest reliability, 𝝁𝟏 and  𝝁𝟐 were organized in a matrix (Table 4) and 

starting from the 𝜇𝑖,𝑗 measurements it is possible to compute the terms required by the intraclass 

correlation coefficient (ICC) formulation shown in (4.2.1) proposed by McGraw, 1996 [22].  

 

Table 4: Data matrix to compute ICC. 

N subjects 𝝁𝟏 𝝁𝟐 

#1 𝜇1,1 𝜇1,2 

#2 𝜇2,1 𝜇2,2 

#3 𝜇3,1 𝜇3,2 

#4 𝜇4,1 𝜇4,2 

#5 𝜇5,1 𝜇5,2 

#6 𝜇6,1 𝜇6,2 

#7 𝜇7,1 𝜇7,2 

#8 𝜇8,1 𝜇8,2 

#9 𝜇9,1 𝜇9,2 

 

As anticipated, the ICC is the most common coefficient to assess the reliability. However, the 

ICC is characterized by many definitions. Currently, two main nomenclatures can be found in 

literature: Shrout and Fleiss (1979) proposed six ICC definitions, while McGraw and Wong 

(1996) proposed ten ICC forms. All these conventions are based on the mean square values 

derived from the analysis of variance (ANOVA). Table 5, taken from Terry K. Koo, 2016 [23], 

reports both forms of ICC to better understand the differences and choose the correct ICC to 

be used as a reference.  

 Test session  Retest session  
N subjects ROM [1x20] 𝝁𝟏 [1x1] ROM [1x20] 𝝁𝟐 [1x1] 
#1 𝑀1,1 𝜇1,1 𝑀1,2 𝜇1,2 

#2 𝑀2,1 𝜇2,1 𝑀2,2 𝜇2,2 

#3 𝑀3,1 𝜇3,1 𝑀3,2 𝜇3,2 

#4 𝑀4,1 𝜇4,1 𝑀4,2 𝜇4,2 

#5 𝑀5,1 𝜇5,1 𝑀5,2 𝜇5,2 

#6 𝑀6,1 𝜇6,1 𝑀6,2 𝜇6,2 

#7 𝑀7,1 𝜇7,1 𝑀7,2 𝜇7,2 

#8 𝑀8,1 𝜇8,1 𝑀8,2 𝜇8,2 

#9 𝑀9,1 𝜇9,1 𝑀9,2 𝜇9,2 
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Table 5: Equivalent ICC forms between Shrout and Fleiss (1979) and McGraw and Wong (1996). 

McGraw and Wong 

(1996)  

Shrout and Fleiss 

(1979)  

Formulas for calculating ICC 

One-way random ef-

fects, A, 1 

 

 

ICC (1,1) 

𝑀𝑆𝑅 − 𝑀𝑆𝑊

𝑀𝑆𝑅 + (𝑘 + 1)𝑀𝑆𝑊
 

Two-way random ef-

fects, C, 1 

 

- 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 + (𝑘 − 1)𝑀𝑆𝐸
 

Two-way random ef-

fects, A, 1 

 

ICC (2, 1) 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 + (𝑘 − 1)𝑀𝑆𝐸 +  
𝑘
𝑛 (𝑀𝑆𝐶 − 𝑀𝑆𝐸)

 

Two-way mixed effects, 

C, 1 

 

ICC (3, 1) 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 + (𝑘 − 1)𝑀𝑆𝐸
 

Two-way mixed effects, 

A, 1 

 

- 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 + (𝑘 − 1)𝑀𝑆𝐸 +  
𝑘
𝑛 (𝑀𝑆𝐶 − 𝑀𝑆𝐸)

 

One-way random ef-

fects, A, k 

 

ICC (1, k) 𝑀𝑆𝑅 − 𝑀𝑆𝑊

𝑀𝑆𝑅
 

Two-way random ef-

fects, C, k 

 

- 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅
 

Two-way random ef-

fects, A, k 

 

ICC (2, k) 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 +  
𝑀𝑆𝐶 − 𝑀𝑆𝐸

𝑛

 

Two-way mixed effects, 

C, k 

 

ICC (3, k) 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅
 

Two-way mixed effects, 

A, k 

 

- 𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 +  
𝑀𝑆𝐶 − 𝑀𝑆𝐸

𝑛

 

 

A = absolute agreement, C= consistency, 1= single rater/measurement, k= multiple raters/measurements 

1 = one-way random effects model, 2= two-way random effects model, 3= two-way mixed effects model 
 

Based on the ANOVA repeated measures definitions, the MSR is the mean square for rows, 

the MSC is a mean square for columns, and MSE is a residual mean square traditionally re-

ferred to as the mean square of errors, 𝑛 is the number of observations, in this case 𝑛 =

 N subjects [22]. A more detailed explanation of the ANOVA and its link with the ICC can be 

found in the Appendix. More in detail, regarding the two ICC nomenclatures reported in Table 

5, McGraw and Wong based the choice of the suitable computational formula among the ten 

forms of ICC on the “model”, the “type” and the “definition”: 
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• The model can be selected among 1-way random effects, 2-way random effects and 2-

way mixed effects.  

• The “type” can be selected between single rater/measurement and the mean of k 

rater/measurements. The rater is the person who conducts the test.  

• The “definition” can be selected between consistency and absolute agreement. 

Shrout and Fleiss presented six forms with two numbers in parentheses, the first number 

is the model and the second one is the type. Each choice is correlated with the planned 

experimental design and to the type of reliability to be assessed, which can be inter-rater 

reliability, intra-rater reliability or test-retest reliability as in this case. The reference work 

of Terry K. Koo, 2016 reports the suggestion of Shrout and Fleiss to select 2-way mixed 

effects model in test-retest reliability study because the repeated measurements are not 

randomized samples. Furthermore, for test-retest study, absolute agreement definition 

should always be used because measurements are meaningless if there is no agreement 

between repeated measurements performed. Another help that could guide the researchers 

to the appropriate selection of ICC is the flowchart shown in Figure 4.7 adapted from, 

Terry K. Koo, 2016. 
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Figure 4.7: Flowchart to guide researchers in an appropriate selection of ICC (adapted from Terry K. Koo, 

2016). 
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The flowchart starts with the type of study conducted and its levels lead to the decision of the 

model, of the type and then of definition. It is important making the right choice of the ICC to 

be applied on the specific study case, but it is not simple since most of the literature deals with 

rater reliability and not with test-retest reliability of physical performance measure [24]. 

After having decided the type of ICC to be used in the specific study design it must be properly 

interpreted. Generally, the ICC value is bounded between 0 and 1, an ICC equal to 0 indicates 

absence of reliability while an ICC equal to 1 indicates a perfect reliability. In particular, Terry 

K. Koo, 2016 proposed the following intervals to associate each ICC value with a level of 

reliability:  

 

Table 6: ICC intervals by Koo et al., 2016. 

ICC Reliability 

< 0.5 

 

poor 

≥0.5 & <0.75 

 

moderate 

≥0.75 & <0.90 

 

good 

≥0.90 excellent 

 

Since the aim of this thesis was the assessment of test-retest reliability the “two-way mixed 

effects” model was chosen in this study, following the scheme in Figure 4.7. This model was 

preferred over the one-way model because time was a fundamental design factor in the pro-

posed test-retest assessment (i.e., the two time points were not interchangeable). Moreover, the 

chronology was important to detect some differences among the outcome measures. In fact, in 

this case an ICC computed using the one-way model would underestimate the reliability. In 

addition, a mixed-effect model was recommended over a random effect model and the reason 

was in the test and retest time points that were specified and identical across all study subjects 

[25]. Furthermore, the type based on mean of k-measurements was the most suitable for this 

study, since it was performed the mean of 20 values of the ROM for each experimental session. 

At the end, the flowchart, following this experimental design, recommends the absolute agree-

ment definition. All these choices resulted in the ICC(A, k) (i.e., the ICC(3, k) according to 

Shrout and Fleiss) which was the most appropriate to pursue the objective of this thesis. So, 

the final computational formula used was: 
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𝐼𝐶𝐶 (3, 𝑘) ≡ 𝐼𝐶𝐶(𝐴, 𝑘) =

𝑀𝑆𝑅 − 𝑀𝑆𝐸

𝑀𝑆𝑅 +  
𝑀𝑆𝐶 − 𝑀𝑆𝐸

𝑛

    
(4.2.1) 

 

In this thesis, the ICC was computed in MATLAB R2021b with a specific function [26], and 

it was obtained for each exercise. This allowed to take into account variability regarding the 

anatomical calibration procedure, the presence of soft tissues artefacts, and errors due to the 

IMU orientation reconstruction. The function requested as input the data matrix shown in Table 

4, the type of the ICC to be computed, and the level of significance (α = 0.05). 

 

4.2.2.1 Test-retest reliability – a literature review 

Test–retest reliability of an instrument is computed by measuring subjects at two distinct oc-

casions (T1 and T2), under the same conditions with that specific instrument under analysis 

and then computing the correlation. It evaluates the degree of agreement of each participant’s 

scores on both times. It has been used in similar research and is highly recommended when the 

goal of the study is the assessment of reliability using one evaluator. Then, if the correlation is 

large, is obvious that the test–retest is good.  

The test-retest analysis is routinely recommended during the validation phase of many meas-

urement instrumentations, like the IMU-based system (DoMoMEA) in this thesis work.  

In literature a lot of studies use test-retest to assess an instrument, and to test the agreement 

between two measures obtained in two or more different sessions of acquisition. Several studies 

used the ICC and involved a great number of subjects to obtain reliable results. The S. 

Schneiberg et al., 2010 [27] study for example performed the test-retest reliability of kinemat-

ics measures in some children affected by cerebral palsy. The main aim of the study was to 

evaluate the ability of the subjects involved to grasp an object situated at three different dis-

tances (d1, d2, d3). The parameters were extracted from thirteen children of about 9 years old. 

They were evaluated three times over 5 weeks by the same observer. The exercises were asked 

to perform were sagittal trunk displacement, elbow extension, shoulder flexion and shoulder 

abduction/adduction. The study determined the test-retest reliability implementing an ICC 

model (2, k), and the values obtained suggested for all kinematic variables and all three targets 

a moderate/excellent reliability except for shoulder horizontal abduction⁄ adduction for d1 and 

shoulder flexion for d2. Since the purpose of this study was to find kinematic variables that 

might be utilized as reliable outcome measures in randomized clinical trials of upper limb ther-

apies in children with cerebral palsy, so the ICC values were acceptable when exceed 0.80 and 

among the variables rated the trunk displacement, and the elbow extension were given good 
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results so these two parameters will be reliable indicators of change in movement quality for 

this or a similar upper limb intervention. But for the shoulder limits a reason could be the 

control of shoulder initial position that was difficult to repeat. Overall, the main limitation of 

the study are the kinematic variables which are task specific so the reliability should be inter-

preted in the context of task requirements. D. Laroche et al., 2011 [28] investigated the test-

retest reliability of 3D gait analysis (3DGA) in hip osteoarthritis patients and involved 23 pa-

tients in two sessions of gait analysis. The aims were three, but we took more attention on the 

assessment of reliability. In this work was suggested the use of two-way intraclass correlation 

coefficient to assess the reliability between sessions. The results demonstrated that all variables 

and most of kinematic joint angles presented good to excellent reliability with ICC values be-

tween 0.7 and 0.9 except for pelvic angles and knee frontal movement, which did not demon-

strate acceptable reliability because their ICCs were lower than 0.7. For the hip this lower ICCs 

could find an explanation in the difficulty to identify the anatomical landmarks around the hip 

and pelvis and this could take some errors in anthropometric measurements. For the knee it 

could be explained by the small ROM of the knee in the frontal plane. The study cited had a 

main limitation, that was the small number of patients involved in the study and the asymmetric 

male to female distribution. This is a common limit among several studies conducted in this 

research field.  

Another interesting study was that of Nilsson et al., 2022 in which 22 healthy subjects were 

analysed during two sessions of gait analysis, including comfortable, fast gait and stair walking, 

dressed with 12 wearable inertial sensors in feet, shank, thigh, pelvis, thorax, and arms. The 

aim was not only test gait speed, but it was extended to extraction of kinematic and temporal 

measures from the lower body and arms, based on data from a wearable inertial sensor system. 

The ICC (3, k, absolute agreement) was the metrics used to quantify how much the extracted 

parameters i.e., kinematic, and temporal outcome measures were reliable. Overall, the ROM 

showed the best reliability, maybe for the assumption that all joints are aligned at zero angles 

in the standardized position. But the suggestion was to include in the further studies pathologic 

patients with some disorders to test the effective reliability of the ROM in all joints. In literature 

there are few studies which focused on upper limb motion analysis, but it is very important in 

neurological and musculoskeletal disorders, e.g., stroke or Parkinson’s disease and fundamen-

tal for clinicians to make a decision about a rehabilitation protocol or intervention.  

Generally, there are many factors that can influence reliability such as the conditions between 

test and retest, or the test procedures applied by the evaluator or also factors like learning  
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fatigue and motivation effects [29]. In the present study the test procedures were standardized 

as much as possible.  

Cai at al., [30] instead computed test-retest reliability of upper limb kinematics, involving ten 

healthy male subjects performed a battery of upper limb movements and measured with Mi-

crosoft Kinect v2 and the Vicon motion capture system. These participants were called for two 

testing sessions one week apart and after the performing of four exercises the ROM was ex-

tracted and used to comparison two systems and to assess the reliability of the most recent one, 

the Microsoft Kinect. The results demonstrated a good reliability of the ROM because ICC(3,k) 

values  were between 0.68 and 0.96, but it was noted that the reliability could be task-dependent 

and plane-dependent, in fact the repeatability of upper limb motions in the frontal and trans-

verse planes was lower than that in the sagittal plane. In addition, there were some differences 

of the results between sessions maybe due to the choice of starting and ending point of the 

movement that should be standardized to make the movement more repeatable.  

At the end of this brief overview of other studies which performed the statistical analysis based 

on test-retest the main observation is that it is much dependent to the measurement instrument 

with which the parameters under study, such as ROM were extracted and that there are some 

limitations for exercises involving shoulder or hip. The studies present different models of ICC 

used for the assessment of the reliability, but the most frequent are ICC(2,1), ICC(3,1) and 

ICC(3,k).  
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5 Results 

In this section were reported the results obtained from this study. The accuracy of joint kine-

matics like explained was expressed by the means of the RMSD. In the tables were shown the 

RMSD computed in each recording for each subject. It was preferred to report only values 

obtained during test and involving retest only to assess the reliability, because during test were 

performed much more series of the exercises (1/3, 2/3, 3/3 ROM max) and the analysis resulted 

more complete.  Then, for each exercise the values were averaged, and the result was reported 

in the last row with a respective standard deviation. 

 

Table 7: Accuracy evaluation; RMSD values for shoulder, wrist, and elbow. S1= first recording at 1/3 ROM max 

S2= second recording at 1/3 ROM max. 

SUBJ SAA WFE EFE  
S1 S2 S1 S2 S1 S2 

1 1.7 3.4 0.8 0.7 11 15 

2 2.5 2.7 1.3 3.4 5.4 8.6 

3 3.7 2.9 0.6 0.6 5.6 7.1 

4 2.5 2.8 2.1 2.1 6.0 6.6 

5 1.1 0.8 0.7 0.1 11 3.2 

6 1.6 3.0 1.1 2.2 7.7 7.0 

7 3.3 4.1 1.9 1.1 6.5 6.4 

8 2.6 3.1 1.7 0 2.6 4.1 

9 1.9 1.9 1.4 1.2 7.1 7.1 

MEAN 2.5 ± 0.9 1.3 ± 0.8 7.1 ± 2.9 

 

Table 8: Accuracy evaluation; RMSD values for knee, hip, and ankle. S1= first recording at 1/3 ROM max S2= 

second recording at 1/3 ROM max. 

SUBJ KFE HFE AFE  
S1 S2 S1 S2 S1 S2 

1 2.9 2.8 1.1 0.8 3.5 3.5 

2 3.2 4.1 4.2 3.1 2.8 1.7 

3 1.6 1.4 2.1 2.4 1.4 3.9 

4 2.3 3.4 5.2 5.3 1.1 2.9 

5 0.9 1.2 1.5 1.4 1.8 1.9 

6 1.3 1.4 2.9 3.0 0.9 1.4 

7 5.1 5.7 1.8 1.9 0.9 0.7 

8 2.7 3.0 4.2 3.7 0.8 0.5 

9 3.3 2.9 3.8 3.9 1.9 2.1 

MEAN 2.7 ± 1.3 2.9 ± 1.3 1.9 ± 1.0 
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Table 9: Accuracy evaluation; RMSD values for trunk rotation around vertical and antero-posterior axes and 

trunk flex/extension. S1= first recording at 1/3 ROM max S2= second recording at 1/3 ROM max. 

SUBJ TRV TAP TFE  
S1        S2 S1        S2 S1        S2 

1 2.8 0.4 0.6 0.7 1.0 0.7 

2 2.6 2.8 1.2 0.7 1.0 1.3 

3 3.8 0 2.0 1.5 1.6 0.8 

4 1.4 1.2 1.0 1.0 0.9 1.0 

5 1.0 1.3 1.1 0.9 0.9 1.6 

6 1.5 1.9 1.0 1.1 0.6 1.1 

7 2.2 3.7 1.3 2.1 1.3 2.2 

8 0.2 0.6 1.1 0.8 1.0 0.7 

9 2.3 2.4 0.8 0.7 1.5 1.2 

MEAN 1.8 ± 1.1 1.1 ± 0.4 1.1 ± 0.4 

 

Table 10: Accuracy evaluation; RMSD values for shoulder, wrist, and elbow. M1= first recording at 2/3 ROM 

max M2= second recording at 2/3 ROM max. 

SUBJ SAA WFE EFE  
M1       M2       M1       M2       M1       M2       

1 2.4 3.9 0.5 0.8 11.0 15.0 

2 3.7 4.0 2.0 3.8 8.9 9.4 

3 4.5 5.7 1.0 0.8 7.9 9.3 

4 2.8 3.1 3.1 3.0 5.6 7.0 

5 2.7 2.0 1.5 1.0 4.2 10.8 

6 4.1 4.4 1.8 0.8 14.2 9.3 

7 4.4 5.3 4.1 2.1 11.7 16.9 

8 3.8 3.4 2.1 2.4 4.7 5.7 

9 2.9 3.3 2.3 2.9 8.3 7.6 

MEAN 3.7± 0.9 2.0 ± 1.1 9.3 ± 3.4 

 

Table 11: Accuracy evaluation; RMSD values for knee, hip, and ankle. M1= first recording at 2/3 ROM max 

M2= second recording at 2/3 ROM max. 

SUBJ KFE HFE AFE  
M1       M2       M1       M2       M1       M2       

1 3.7 3.4 1.1 1.2 2.8 2.8 

2 3.1 5.5 5.0 4.6 3.0 2.4 

3 2.7 1.7 3.9 3.6 1.2 0.8 

4 2.3 2.3 6.0 7.0 1.1 2.3 

5 1.3 1.5 3.5 2.4 1.3 1.6 

6 2.0 2.0 3.7 3.7 0.9 0.9 

7 7.3 7.3 2.7 3.1 1.0 1.2 

8 3.7 3.7 2.9 2.6 0.7 0.5 

9 3.9 3.3 4.6 4.9 2.2 2.3 

MEAN 3.4 ± 1.7 3.7 ± 1.5 1.6 ± 0.8 
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Table 12: Accuracy evaluation; RMSD values for trunk rotation around vertical and antero-posterior axes and 

trunk flex/extension. M1= first recording at 2/3 ROM max M2= second recording at 2/3 ROM max. 

SUBJ TRV TAP TFE  
M1       M2       M1       M2       M1       M2       

1 3.5 4.1 0.7 0.9 1.3 0.9 

2 2.4 3.1 2.3 0.8 1.5 1.8 

3 4.2 4.0 1.8 2.2 1.9 0.9 

4 1.8 1.8 1.5 1.2 1.6 1.3 

5 1.6 2.1 2.0 1.5 1.9 1.4 

6 2.1 2.4 1.6 1.4 0.8 0.7 

7 3.3 4.6 2.1 2.9 1.6 3.1 

8 1.4 0.8 1.6 1.2 0.9 0.7 

9 2.5 2.4 0.8 1.1 1.6 1.2 

MEAN 2.7 ±1.1 1.5 ± 0.6 1.4 ± 0.6 

 

Table 13: Accuracy evaluation; RMSD values for shoulder, wrist, and elbow. L1= first recording at 3/3 ROM 

max L2= second recording at 3/3 ROM max. 

SUBJ SAA WFE EFE  
L1       L2       L1       L2       L1       L2       

1 5.5 5.2 0.9 1.1 11.2 12.2 

2 5.6 4.8 3.7 4.1 23.0 22.0 

3 7.4 7.8 2.5 2.4 10.4 12.8 

4 3.6 4.1 3.6 3.1 5.7 6.0 

5 6.8 5.7 3.1 3.6 11.0 13.0 

6 8.5 8.9 3.4 6.3 22.5 13.0 

7 4.9 5.1 8.9 3.8 11.1 21.8 

8 5.2 4.5 4.6 5.4 7.3 5.6 

9 3.9 4.2 3.4 2.5 10.8 10.9 

MEAN 5.7 ± 1.5 3.7 ± 1.8 12.8 ± 5.6 

 

Table 14: Accuracy evaluation; RMSD values for knee, hip and ankle. L1= first recording at 3/3 ROM max L2= 

second recording at 3/3 ROM max. 

SUBJ KFE HFE AFE  
L1       L2       L1       L2       L1       L2       

1 4.4 4.2 1.7 1.8 3.4 3.3 

2 4.4 6.3 6.6 5.5 3.7 3.8 

3 2.2 1.8 3.6 3.6 1.3 1.4 

4 5.0 4.2 7.3 8.5 1.7 2.6 

5 2.1 1.9 4.0 4.3 2.5 1.8 

6 2.9 2.9 4.5 4.4 0.7 0.8 

7 8.9 7.9 3.4 3.8 1.5 1.6 

8 3.7 4.8 3.3 3.7 0.9 0.9 

9 5.1 4.1 5.1 5.5 2.9 2.9 

MEAN 4.3 ± 1.9 4.5 ± 1.7 2.1 ± 1.0 
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Table 15: Accuracy evaluation; RMSD values for trunk rotation around vertical and antero-posterior axes and 

trunk flex/extension. L1= first recording at 3/3 ROM max L2= second recording at 3/3 ROM max. 

SUBJ TRV TAP TFE  
L1       L2       L1       L2       L1       L2       

1 4.6 4.5 1.3 1.5 2.0 1.5 

2 3.6 3.6 3.1 1.3 2.6 2.8 

3 5.1 5.2 2.9 2.9 2.5 1.4 

4 0.1 2.3 2.0 1.7 2.2 2.6 

5 2.8 3.2 0.7 0.9 1.4 1.8 

6 3.0 3.5 2.6 1.7 1.6 1.1 

7 4.5 6.6 2.7 3.9 1.8 3.9 

8 1.4 0.9 1.7 1.2 0.9 1.1 

9 3.0 2.8 1.2 1.4 1.9 1.5 

MEAN 3.4 ± 1.6 1.9 ± 0.9 1.9 ± 0.7 

 

 

Now for a more representative and faster interpretation of the results six boxplots were repre-

sented, two for each amplitude of execution. In a boxplot were grouped the distributions of 

SAA, WFE, EFE, KFE, HFE, AKE. In the other boxplot instead were reported the distributions 

of TRV, TAP, TFE.  
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Figure 5.1: Boxplot of exercises involving upper and lower limbs - small amplitude. 
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Figure 5.2: Boxplot of exercises involving trunk - small amplitude. 
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Figure 5.3: Boxplot of exercises involving upper and lower limbs - medium amplitude. 

 

 

Figure 5.4:Boxplot of exercises involving trunk - medium amplitude. 
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Figure 5.5: Boxplot of exercises involving upper and lower limbs - large amplitude. 

 

Figure 5.6: Boxplot of exercises involving trunk - large amplitude. 
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Now about the reliability outcomes the ICC results obtained with both systems IMU, and SP 

were reported.  

The colours in the Table 16 were chosen to identify better the different level of reliability: 

green indicates an excellent reliability, the red a poor reliability and the black moderate and 

good reliability. 

 

   

Table 16: ICC values for both IMU and SP.   

 
 

IMU SP 

SAA 0.69 0.50 

WFE 0.81 0.69 

EFE 0.64 0.71 

KFE 0.79 0.81 

HFE 0.73 0.92 

AFE 0.82 0.87 

TRV 0.40 0.57 

TAP 0.89 0.84 

TFE 0.70 0.70 

 

 

 

 

Figure 5.7: Graphic representation of ICC's difference between two systems. 
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6 Discussion 

Inertial sensors are becoming increasingly popular to evaluation of the joint kinematics because 

they are time efficient and are not affected to all constraints of an optoelectronic system, even 

if it is still the gold standard for movement analysis. 

The most important limitation of SP is the lack of portability, the experiments must be taken 

into an equipped laboratory and not out of lab.  

This study had two principal aims, the first aim was to compare the IMU and SP joint kinemat-

ics estimation to test the accuracy of IMU-based system i.e., DoMoMEA by means of RMSD 

calculation and the second one was the reliability assessment of the ROM extracted from IMU 

with the calculation of ICC. 

About the accuracy the results demonstrated overall to be encouraging with few exceptions. 

Starting with the shoulder RMSD’s average seemed that the error increased with the complex-

ity of movement and in fact for a simple abduction/adduction performed keeping the movement 

amplitude at 1/3 of ROM max the error was less of 3 deg and this means that the two systems 

showed a better concordance, but the values reached 5.7 deg during the movement at the large 

amplitude. During the experiments it was noted that the elastic strap on the thorax shifted a lot 

especially in the female during the third series of the movement when the arm lifted and tried 

to reach 3/3 of the maximum ROM. This could have caused some movement artifacts and so a 

higher value of error.  

However, the errors are consistent with those found in literature. For example, in the work of 

Marrow et al., 2017 [31] was found an RMS error between IMU and a standard lab-based 

motion capture system for shoulder elevation of about 6.8 deg ± 2.7 deg (mean ± SD).  The 

study cited explained this result taking into account the importance of the IMU alignment to 

the specific segment and affirmed that it was this alignment which permitted to obtain a high 

level of accuracy.   

The most problematic exercise resulted to be the elbow flex/extension with an RMSD until 

12.8 deg. A first consideration about this high value could be the different definition of the 

upper arm axes. Moreover, it is known that the elbow is a complex joint which involves two 

body segments; arm and forearm where the IMUs were placed. Generally, the forearm is a 

particularly difficult segment to position an IMU sensor correctly because of the movement of 

pronation/supination that could rotate the flexion/extension axis of the IMU and in this way it 

is no longer aligned with the anatomical elbow flexion/extension axis [31].  
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The RMSD values of other exercises performed highlighted a good accuracy of the angle time 

series, in fact for wrist, knee, hip, ankle and trunk the error calculations amounted to less of 

five degrees. This means that gave the results very close to those of the reference system pre-

senting.  

The second aim of this thesis was the reliability assessment of IMUs using the ICC. The results 

obtained were reported in the Table 16, so it is possible to have an overview about trials more 

reliable than others. Taking as a reference the reliability intervals defined in [23] and reported 

in Table 6 we obtained a good IMU reliability for wrist, knee, ankle, and the trunk rotation 

around antero-posterior axis, in these cases the ICCs amounted to 0.79 for knee and reached a 

value of 0.89 in trunk rotation AP. On the contrary the calculations demonstrated a moderate 

reliability for elbow, shoulder, hip, and trunk FE.  

The elbow, shoulder and hip could be resulted moderately reliable for the elastic strap move-

ment caused by muscle contractions, wobbling of soft tissues, and skin stretching/sliding [32].  

In fact, the skin motion artifact is a common source of error to all body mounted devices, es-

pecially for the thigh sensor that was been the one more susceptible to skin and soft tissue 

artifact because the segment where it had to be placed is surrounded by a substantial amount 

of soft tissue [33].  

Moreover, the movement with a very low ICC and so with a poor reliability is the trunk rotation 

around vertical axis, the value amounted to 0.40.  

A possible reason could be found just in the requested trunk movement that was weakly con-

strained and its amplitude was difficult to reproduce between sessions. A similar result was 

observed also for the reference, but in this case to obtain the reliable measurements of trunk 

motion need to pay attention on other factors, for example a more specific definition of bony 

landmarks to be able to place marker in the correct point of interest. In some subjects this 

resulted very difficult because could not palpate the point on subjects with a major amount of 

adipose tissue [34].  

Overall, the ICC results highlighted a good agreement between the IMU and reference meas-

urements but for the wrist, hip, and trunk rotation around the vertical axis.  

In particular, the hip reliability computed with SP resulted excellent, this because for this joint 

probably has been easier to replace the marker correctly in the same position between two 

sessions.  
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7 Conclusions 

The results of this study showed that the proposed technique could provide valuable kinematic 

data because was obtained acceptable accuracy of commercially available IMUs, i.e., the in-

struments used in DoMoMEA for measuring upper and lower body kinematics compared to a 

standard marker-based motion capture system. 

The overall experiments demonstrated good results about accuracy but even higher accuracy 

in position or angle estimation is necessary especially for shoulder and elbow. 

One possible solution is to apply further constraints on the physiological models of joints to 

improve estimation accuracy.  

Such Zhou,2010 [35] suggested for example, further constraints on the elbow angle could lead 

to improvements of the estimation of the relative orientation of the upper arm and forearm. 

The accuracy and the reliability were studied to have a more complete analysis of the IMU-

based system, that has a lot of advantages, but it cannot yet replace the gold standard.  

In addition, it was important to assess reliability because sensor relocation is an issue that might 

result in a large error because of the effects of different anatomical characteristics [35]. 

However, this original technique might open new horizons leading to a better understanding of 

patients’ recovery and in addition to be more and more helpful to clinicians to adapt the therapy 

to each patient. Inertial sensors would be an excellent alternative to avoid using marker and so, 

their occlusion. Marker occlusion represents in fact the main disadvantage of the SP and leads 

to having to reconstruct much of the data acquired by the SP by the interpolation. 

On the other hand, IMU measurement allows continuous recording of the joint angle without 

reconstruction of data.  
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8 Limitations and future work 

The purpose of this study was the validation of a home-based telerehabilitation system, which 

used the inertial measurements units to compute joint kinematics and give real-time feedback 

to the post-stroke patients and monitoring their progresses.  

These first preliminary analysis highlighted in addition to the advantages also some disad-

vantages for example in IMUs used the absence of the magnetometer it was fundamental to 

avoid unexpected ferromagnetic disturbances. But this choice has required the development of 

joint kinematics algorithms for the positioning of IMU on the subjects’ skin in a predefined 

position.  

However, this solution had some limitations such as the round surfaces which did not allow the 

IMUs to be accurately aligned along the segment axes. Furthermore, the assumption of the 

sensor-to-segment alignment to be time invariant might not be always true due to the soft tissue 

artifacts which can be different among the patients.  

About the results, instead this work obtained preliminary good results, but it will be necessary 

to perform other experimental sessions, probably with a greater number of volunteers healthy 

and also post stroke to be able to give more detailed information about this technology and in 

particular for the most problematic outcomes, the elbow and shoulder accuracy or the elbow 

and trunk rotation V reliability. 

Especially for reliability  the quantity of subjects is relevant, in fact in literature [27] [28] [30] 

were involved respectively 10, 13 and 23 subjects.  

Even the researcher of [36] claim that for calculation of a good reliability the right sample size 

should be at least 50 and more.  
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Appendix: the analysis of variance (ANOVA) 

To compute the ICC described in (4.2.1), it is necessary to perform the analysis of variance 

(ANOVA). In this appendix, a theoretical background is given to explain how to compute the 

MSR, MSC, and MSE terms. The ANOVA is a set of statistical techniques which are part of 

inferential statistics and allows the comparison between two or more groups of data by calcu-

lating and comparing the within-group variability with the between-group variability. The 

ANOVA checks the null hypothesis which prescribes that the data in all groups must have the 

same origin, i.e., a stochastic distribution, and the observed differences between groups are due 

only to chance. This type of statistic methods is the most used in medical research to analyse 

data obtained from complex experimental designs [37]. The ANOVA is known for its many 

models which are distinguished from each other by the number of dependent (which can be 

only quantitative) and independent variables (which can be either qualitative or quantitative). 

In this study the dependent variable was the average of ROM values, and the independent var-

iable was the time point.   

The most popular ANOVA models are:  

- one-way model with one independent variable 

- Two-way model with two independent variables 

- The univariate ANOVA with only one dependent variable  

- The multivariate ANOVA i.e., MANOVA which provides two or more dependent var-

iables 

A summary about the characteristics of forms of ANOVA is showed in the table below, taken 

from Gaddis, 1998. 

Table 17: An overview of ANOVA models 

Method N° Independent variables  N° Dependent variables Comments 

1-way ANOVA 1 1 Simplest form of 

ANOVA; ≥ 3 groups  

are defined by a single in-

dependent variable 

2-way or n-way ANOVA ≥ 2 1 Two or more independent 

variables are tested sim-

ultaneously for their ef-

fects on the dependent 

variable. 

Repeated-measured 

ANOVA 

≥ 1 1 Data are obtained from 

subjects more than once, 

either across or within  

treatment groups 

MANOVA ≥ 1 ≥ 2 Simultaneously tests ≥ 2 

related dependent varia-

bles 
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In this study the univariate analysis of variance has been used and it includes different experi-

mental designs among:  

- "Between-subjects" design, also known as "independent groups," corresponds to the 

design in which each treatment or experimental condition is applied to a different group 

of subjects. When a subject was exposed to one condition he was not exposed to any 

other condition.  

- Factorial or multi-way designs where are examined the effects of two or more inde-

pendent variables on the dependent factor. 

- “Within-subjects” design where the same subjects are tested in different occasions, this 

type is also called the “repeated measures” design. 

Before starting with the application of the technique it is necessary to introduce some termi-

nologies used: 

-  grand mean that is the mean of sample means or the mean of all observations com-

bined, irrespective of the sample, its computation is shown in the expression (1) 

 

 
µ..̅ =

∑ ∑ µ𝒊,𝒋𝒋𝒊

𝒏
 

(1) 

 

where n is the total number of observations. 

- Between group variability which is the difference between individual averages of each 

sample and the grand mean. It can be explained clearer with a figure, considering the 

distributions of Figure A.1 if these overlap the difference in not significant, on the con-

trary if the distributions don’t overlap. 
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Figure A.1:Some examples of distributions with a different level of discrimination (Source: Psychstat – Missouri 

State). 

 

To compute this variability is performed the deviance i.e., the sum of the squared dif-

ference between the mean of each sample so of each subject i (µ𝑖.̅̅ ̅) and the grand mean 

(µ..̅) and divided for the degrees of freedom (k-1) where k is the number of observations 

to obtain the means square between control groups like the equations below explain: 

 

 𝑺𝑺𝑹 = ∑(

𝒊,𝒋

µ𝒊.̅̅ ̅ −  µ..̅)
𝟐   (𝟐) 

 

 𝑴𝑺𝑹 =
𝑺𝑺𝑹

𝒌 − 𝟏⁄   (𝟑) 

  

- within group variability which is the examination of the variability of each point with-

out considering the interactions between samples. To obtain this quantity it will be ob-

served how much each value in each sample (µ𝑖𝑗̅̅̅̅ ) differs from its respective sample 

mean. The formulas for the sum of squared and next for the mean square are showed 

below: 

 𝑺𝑺𝑾 = ∑(

𝒊,𝒋

µ𝒊𝒋̅̅̅̅ − µ𝒊.̅̅ ̅)𝟐  (𝟒) 

 

 𝑴𝑺𝑾 =
𝑺𝑺𝑾

𝒌(𝒏 − 𝟏)⁄   (𝟓) 
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Due to the experimental design of the DoMoMEA validation, this work relies on the ANOVA 

repeated measures model which is appropriate for simple or complex designs in which the 

subject “serves as his own control” or participates in multiple measurements over time [37]. 

For this type of ANOVA, it is necessary to introduce other deviance formulas; the deviance 

between subjects (6) and total deviance (8) and obtain the respective mean square to use in ICC 

formula to be chosen to assess the reliability. 

 𝑺𝑺𝒄 = ∑(

𝒊,𝒋

µ.𝒋̅̅ ̅ −  µ..̅)
𝟐 (𝟔) 

 

 𝑴𝑺𝒄 = 𝑺𝑺𝒄
(𝒏 − 𝟏)⁄   (𝟕) 

 

 𝑺𝑺𝑻 = ∑(

𝒊,𝒋

µ𝒊𝒋̅̅̅̅ −  µ..̅)
𝟐 (𝟖) 

 

 𝑴𝑺𝑻 =
𝑺𝑺𝑻

(𝒏𝒌 − 𝟏)⁄  (𝟗) 

 

In addition, the degrees of freedom (𝑑𝑓) mentioned are for definition numbers, usually positive 

integers, that are used to be able to verify some hypotheses about the population from which a 

sample was extracted and correspond to the number of independent information that are free 

to vary in the calculation of a given parameter estimation. If the parameter to be estimate is a 

mean, there is always a limit to the freedom to change the observations [38].  

In fact, every time that an analysis is based on the estimation of an average, the number of 

degrees of freedom will be reduced by one such as is possible to note in the formulas of 𝑀𝑆𝑅, 

𝑀𝑆𝑊, 𝑀𝑆𝐶 and 𝑀𝑆𝑇 where the all the 𝑑𝑓 on the denominator are reduced by the unity.  
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