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Abstract
A Novel Approach for Aquatic Gait Analysis

Using Wearable Inertial and Hydrodynamic Pressure Sensors

The lack of adequate technologies and protocols specifically developed and tailored for aquatic motion analysis hinders its evaluation and understanding. Therefore, knowledge of the impact of aquatic physical therapy on quality of life and motor skills remains limited. This Ph.D. thesis aims to address these deficiencies by developing, testing, and validating a method based on new wearable inertial and hydrodynamic pressure sensors for aquatic gait analysis. Four research objectives (RO) are defined and supported by peer-reviewed publications that provide valuable insight into aquatic motion analysis.A systematic review of the literature (RO1) defined the state-of-the-art of aquatic mo-tion analysis, with a focus on wearable technologies. The objective was to identify re-search gaps and deficiencies in methodologies and protocols. Only 23 of the 572 eligible papers used wearable technologies for aquatic motion analysis. The review also high-lighted the absence of versatile and reproducible monitoring methods, limited whole-body or longitudinal research with wearables, and the overreliance on land-based mea-surements and assessment parameters. RO2 validated a wearable inertial measurement unit sensor system and processing method for gait analysis on land and in water. A proof-of-concept study compared the novel system with two gold standard methods, measuring knee angle during gait both in and outside water, showing reliability and portability (r>0.8 in all land tests, 93% in aquatic tests). An improved version of the technology, which in-tegrates inertial and pressure sensors, was tested against an optoelectronic system in a motion laboratory, evaluating temporal gait and knee joint parameters, demonstrating good accuracy and reliability (RMSE for stride time ∼3% of the gait cycle). The sensors were further used in clinical trials to analyse differences in walking gait in and out of water (RO3). A novel pilot study was also conducted on backward aquatic walking with wearable sensors. The tests revealed a greater variability of the classical gait parameters in water (coefficient of variation 31.02% on land, 60.57% in water). Results of RO3 suggested that relying on parameters defined for overground walking may not provide an accurate de-scription of aquatic motion. RO4 analysed the lateral hydrodynamic pressure on the lower extremities during aquatic gait, with the aim of exploring whether such parameter would give a better understanding of aquatic motion. It was observed a variation of hydrody-namic pressure at the foot (39.65%) comparable to the one measured for the knee angle on land (31.20%). These results suggest that hydrodynamic pressure might be a reliable metric to describe aquatic walking, enhancing our understanding of aquatic motion by characterizing the interaction between the submerged body and the fluid.This dissertation aims to address the limited availability of wearable monitoring meth-ods for aquatic motion analysis, as well as the predominant reliance on land-based param-eters. By introducing new insights and methodologies, it contributes to the advancement of our knowledge on aquatic motion. The thesis proposes hydrodynamic pressure on the lower extremities as a novel way to describe aquatic locomotion. The developed wearable inertial technology, along with the use of hydrodynamic pressure, demonstrated to be a versatile and reproducible method for aquatic gait analysis. This work provides a more nuanced understanding of how the presence of water influences movements, potentially influencing the development of aquatic rehabilitation protocols in future studies.
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Kokkuvõte
Uudne Lähenemisviis Veealuse Kõnnaku Analüüsiks,

Kasutades Kantavaid Inertsiaal- ja Dünaamilisi Rõhuandureid

Veekeskkonnas liikumise hindamist ja mõistmist takistab spetsiaalselt selle valdkonna jaoks väljatöötatud asjakohaste tehnoloogiate ja protokollide puudumine. Seetõttu on teadmised vesifüsioteraapia mõju kohta elukvaliteedile ja motoorsetele oskustele endiselt piiratud. Käesoleva doktoritöö eesmärk on kõrvaldada need puudujäägid, arendades, kat-setades ja valideerides meetodit, mis põhineb uutel kantavatel, veealuse kõnnaku analüü-siks mõeldud inertsiaal- ja dünaamilistel rõhuanduritel. Määratletakse neli uurimisülesan-net (UÜ), mida toetavad eelretsenseeritud publikatsioonid, mis annavad väärtusliku üle-vaate veealuse liikumise analüüsist.Kirjanduse süstemaatilises ülevaates (UÜ1) määratleti veealuse liikumisanalüüsi het-keseis, keskendudes kantavatele tehnoloogiatele. Eesmärgiks oli tuvastada teadusuurin-gute lüngad ning puudujäägid metoodika ja protokollide osas. Vaid 23 teadusartiklit 572-st kasutasid veealuse liikumise analüüsiks kantavaid tehnoloogiaid. Ülevaates toodi esile ka mitmekülgsete ja korratavate seiremeetodite puudumine, piiratud kogu keha või pikiuu-ringud kantavate seadmetega ning liigne tuginemine maismaapõhistele mõõtmistele ja hindamisparameetritele. UÜ2 valideeris kantava inertsiaalse mõõtmisseadmega anduri-süsteemi ja töötlemismeetodi kõndimise analüüsiks maal ja vees. Kontseptsiooni validee-rimisuuringus võrreldi uudset süsteemi kahe kuldstandardmeetodiga, mõõtes põlvenurka kõndimise ajal nii vees kui ka väljaspool vett, näidates usaldusväärsust ja kohandatavust (r>0,8 kõigis maismaa testides, 93% veekatsetes). Tehnoloogia täiustatud versiooni, mis sisaldab inertsiaal- ja rõhuandureid, testiti võrdluses optoelektroonilise süsteemiga liiku-mislaboris, hinnates ajalisi kõnni- ja põlveliigese parameetreid, näidates head täpsust ja usaldusväärsust (RMSE sammuajal ∼3% kõndimistsüklist). Andureid kasutati ka kliinilis-tes uuringutes, et analüüsida erinevusi kõndimises vees ja maal (UÜ3). Samuti viidi läbi uudne katse kantavate anduritega, vees tagurpidi kõndimise kohta. Katsed näitasid klas-sikaliste kõnni parameetrite suuremat varieeruvust vees (variatsioonikoefitsient 31,02%maismaal, 60,57% vees). UÜ3 tulemused näitasid, et maismaal kõndimiseks määratletud parameetritele tuginedes ei pruugi vees toimuvat liikumist täpselt kirjeldada. UÜ4 analüü-sis alajäsemete külgsuunalist hüdrodünaamilist survet vees kõndimise ajal, et uurida, kas selline parameeter annaks parema ülevaate vees liikumisest. Täheldati hüdrodünaamilise surve muutumist jalalaba juures (39,65%), mis on võrreldav maismaal mõõdetud põlvnur-ga muutumisega (31,20 %). Need tulemused viitavad sellele, et hüdrodünaamiline surve võib olla usaldusväärne mõõdik veealuse kõndimise kirjeldamiseks, ning parandab meie arusaamist veealuse liikumise kohta, iseloomustades veealuse keha ja vedeliku vahelist vastastikmõju.Käesoleva doktoritöö eesmärk on käsitleda veealuse liikumise analüüsiks kasutatava-te kantavate seiremeetodite piiratud kättesaadavust ning valdavat tuginemist maismaa-põhistele parameetritele. Uute arusaamade ja meetodite tutvustamisega aitab see kaasa meie teadmistele veealuse liikumise kohta. Doktoritöös pakutakse välja hüdrodünaami-line surve alajäsemetele kui uudne viis veealuse liikumise kirjeldamiseks. Välja töötatud kantav inertsiaalne mõõtetehnoloogia koos hüdrodünaamilise rõhu kasutamisega osutus mitmekülgseks ja korratavaks meetodiks veealuse kõnnaku analüüsiks. See töö võimal-dab paremini mõista, kuidas vee olemasolu mõjutab liikumist ja võib mõjutada veealaste rehabilitatsiooniprotokollide väljatöötamist tulevastes uuringutes.
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1 Introduction
1.1 Background
Biomechanical motion analysis, as the study of human movement [11, 12], traces backto the XV century with Leonardo da Vinci’s "Notes on the Human Body" [13]. Over time,the initial fascination with the mechanisms behind movement shifted to an accurate andquantitative evaluation of motion and the interpretation of its results and outcomes. Un-derstanding motion became valuable in fields such as medicine (clinical, orthopedic, andrehabilitative), defining normality ranges, detecting abnormalities, andmonitoring changesin individuals. Efficient mobility also plays a crucial role in daily activities for an acceptablequality of life and in sports performance, assisting with training design and performancemonitoring.Technological advancements have revolutionized biomechanical motion analysis (Fig-ure 1.1), resulting in standardized methods for the systematic assessment of movement[14]. Initially (Figure 1.1a), observations and interpretations were only qualitative, lim-iting the description of movement to a subjective evaluation that showed poor cross-comparability between methods. The introduction of movie cameras (Figure 1.1b) im-proved the description ofmotion and allowedquantitative results such as body coordinategraphs, stick diagrams, and measurements of gait velocities, trajectories, and accelera-tions, load lifted, or jump height [11]. These, while easy to interpret, rely on the restrictedfield of view of the camera, which confines the analysis of wide gestures and allows onlybidimensional planar observations, not corresponding to the true anatomicalmovements.With the development of computers (Figure 1.1c), motion analysis has becomemore accu-rate. Multiple cameras, with markers on anatomical landmarks, allow three-dimensionalassessments, internal anatomical reconstruction, and the estimation of various quanti-tative parameters and performance indices. Despite these advances and high accuracy,video-based methods are still limited by a restricted field of view and a time-consumingsetup. The latest development in biomechanicalmotion analysis involves the combinationof computing and machine learning techniques (Figure 1.1d). Wearable wireless devices,mainly based on inertial measurement unit sensors (IMUs), with real-time data process-ing and interpretation, promise high accuracy and reliability in real-life contexts. Althoughstill in development and with data processing limitations and constraints, wearable IMUsare gaining popularity in sports science.

Figure 1.1: Evolution of biomechanical motion analysis.
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1.1.1 Methods for motion analysis

Motion analysis methods can be broadly classified into quantitative and qualitative as-sessment tools [15]. Quantitative methods involve objective measures of kinematic andkinetic parameters, joint Range of Motion (ROM), centers of rotation, and ground reac-tion forces [16]. In contrast, qualitative evaluations are based on subjective evaluationsthrough questionnaires and clinical scales, covering aspects such as mobility, perceptionof fatigue, and quality of life related to movement [17].
In the realm of quantitative motion assessment, different degrees of accuracy areachievable, and themost prevalent technique for kinematic assessments is camera-based

motion capture (MoCap). MoCap employs traditional or infrared video cameras, offeringboth two-dimensional (using one camera) and three-dimensional (using more cameras)analysis of motion. Further categorization is possible betweenmarker-based andmarker-
less MoCap depending on whether specific markers or tracers, which can be passive oractive (usually LED lights), are used to track movement within video frames. When multi-ple infrared cameras are used, the MoCap is an optoelectronic system, regarded the goldstandard in biomechanical motion analysis due to its precision and accuracy [18]. Pas-sive light reflecting markers are placed on the body surface following precise protocolsbased on anatomical landmarks [15]. The reflected brightness is recorded by the cam-eras, enabling reconstruction of the marker positions. Subsequently, the coordinates ofthe markers are extracted and the movement is tracked using recursive estimation andstereophotogrammetry, producing a three-dimensional reconstruction of the movement[19]. Although the optoelectronic system exhibits high accuracy, as with all MoCap sys-tems, it faces limitations in terms of the investigated area, limited by the field of view andthe volume captured by the cameras [20]. Furthermore, markers must be constantly visi-ble to at least two cameras [21], and traditional video cameras may have insufficient sam-pling rates to accurately capture fast movements, such as running or jumping [22]. Finally,uncertainties and errors can also be caused by misplacement of markers and soft tissue
artifacts, defined as the error that occurs when estimating bone motion through surfacemarkers, caused by the relative motion between the skin and the underlying layers. De-spite these limitations and its high cost and time-consuming setup, the optoelectronicsystem andmarker-basedMoCaps remain the most common techniques for motion anal-ysis, known for their reliability and accuracy of about 63±5µm and a precision of 15µm[23]. Motion analysis through video cameras can also be carried out without the needfor markers or special clothing on the subject’s body, exploiting marker-less MoCap [24].This approach reduces setup time and the need for trained operators to place the mark-ers accurately. It is based on the use of computer vision systems and models, includingconvolutional neural networks for human recognition, pose estimation, andmotion track-ing [25]. Although markerless MoCap is user-friendly and convenient, especially in sportscience and real-life settings, it currently does not reach the same level of accuracy as theoptoelectronic system and is not suitable for clinical and diagnostic applications [26].

Alternatively toMoCap, there is a growing preference for employing inertial systems inmotion analysis [27]. Inertial Measurement Unit sensors (IMUs) are small and lightweightdevices that combine accelerometers, gyroscopes, and magnetometers to measure posi-tion, orientation, speed, and acceleration [28]. Acceleration is detected with accelerome-ters, gyroscopes measure the angular velocity, and magnetometers record the variabilityof the Earth’s magnetic field in addition to the local field. The combination of these com-ponents enables the study of motion kinematics. Placing the IMUs directly onto the bodysegments allows one to assess their orientation relative to an Earth-fixed reference frame,from which kinematics can be investigated [29]. IMUs facilitate motion analysis in three
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dimensions, with high sampling rate, direct data streams, and without spatial constraint,which is especially useful in real-life contexts. Wearable inertial sensors find applicationsin fall prevention, posture analysis, rehabilitation, and sports science [30]. However, wear-able IMUusage does comewith challenges, including dealingwith soft tissue artifacts, po-tentially uncomfortable sensor placement (especially in pathological cases), and complexdata processing and parameter estimation [29].Other methods and tools are often used for motion analysis, solely or in combinationwith MoCap and IMUs. Electrogoniometers use two potentiometers connected to bodysegments to measure the angles of the planar joint. Although it allows direct data anal-ysis, the system can be cumbersome and uncomfortable [19]. Electromyography (EMG)quantifies the electric signals generated by muscle contraction and activation [31]. EMGuses surface or intramuscular electrodes, but has limitations in terms of placement, mea-surement errors, and potential discomfort or pain [32]. Force plates (FP) evaluate the in-teraction between the body in motion and the ground, namely, the reaction forces of theground. FPs are generally mounted on the floor and are used in controlled environments[33]. Finally, dynamometers assess muscle strength, which is useful to track progress andstandardization, although they lack specificity to identify task-specific weaknesses or im-balances [34].The array of available motion analysis methods, their strengths and limitations, pointout the importance of carefully considering both the specific type ofmovement to be anal-ysed and the environmental conditions in which the investigation will be performed [35].It is crucial to select themost suitablemethod to achieve the intended purpose that offersthe highest reliability and comfort, with the fewest compromises possible. For example,for clinical and diagnostic investigations, the optoelectronic system is the preferred choicebecause of its reliability and accuracy. However, it comes with the drawback of necessitat-ing a highly controlled laboratory environment. In such a controlled setting, awareness ofbeing observed and evaluated can influence subjects to perform at their best, potentiallyintroducing measurement bias, especially when involving pathological subjects. On thecontrary, when measuring real-life movements or performing evaluations in natural set-tings (e.g., evaluating a soccer player during a game), IMU sensors become the preferredoption. These sensors offer the advantage of freedom from environmental constraints.However, this choice may involve a trade-off, as it may come at the cost of slightly lowerbiomechanical accuracy.
1.1.2 Gait analysisWalking is a fundamental aspect of daily life and is closely related to quality of life [36].Many functional scales consider walking ability to be a key indicator of general healthand autonomy, such as the Gross Motor Function Classification System, which assessesmobility in people with Cerebral Palsy [37].Despite its apparent simplicity, walking involves intricate sensorimotor interactions[9], and gait analysis, the systematic assessment of walking, plays a crucial role in ob-jectively measuring this motor task with applications in biomechanics, physiology, andhuman performance evaluations [38]. Gait analysis is valuable in clinics, as pretreatmentassessment and postoperative follow-up, as well as for surgical or rehabilitative decisionmaking. It is also crucial for the diagnosis and monitoring of motor pathologies, chronicconditions, and neuromuscular disorders, for the evaluation of prosthetic joint replace-ment, orthotics, and assistive devices, and for the study of athletic performance [39, 40].
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Gait analysis follows an established nomenclature and classification with known char-acteristics and features, such as joint angles, angular velocities and accelerations, groundreaction forces, electromyographic activity, joint forces, moments and powers [9, 27, 41].Walking, schematically reported in Figure 1.2, is divided into repeatedgait cycles, or strides,defined as movements occurring between two subsequent ipsilateral foot strikes. Be-tween two foot strikes (or Heel strikes, HS), the other main gait event occurs, called toe-off (TO), identified as the moment of final contact. A gait cycle is divided into two mainphases: the stance phase is the fraction of the gait cycle when the foot is on the ground,from HS to TO, taking up approximately 62% of the cycle; the swing phase, is the remain-ing portion of the cycle (about 38%) in which the foot is not in contact with the ground,from TO to HS, when the contralateral limb is in the stance phase. Stance is further di-visible into three sub-phases. Early stance, occurs from HS to the opposite leg TO. Duringthis double-limb support, the ankle passes from heel contact to full foot contact and theknee flexes to absorb the shock of limb loading. Mid stance takes place from completefoot contact to opposite HS, where the opposite leg is not in contact with the ground andthe trunk progresses over the stable limb. The stance phase ends with another double-limb support, called late or terminal stance in which the heel rises and prepares for TO.Similarly, the swing phase can be subdivided into sub-phases: early swing occurs from TOuntil the leg reaches the contralateral stationary leg (foot clearance); mid-swing, entailsfrom foot clearance to tibia vertical; and terminal swing, defined from vertical tibia to HS.

Figure 1.2: Sketch map of a complete gait cycle highlighting its phases and sub-phases, after [9].

1.1.3 Aquatic physical activityAquatic therapy encompasses different approaches, such as passive immersion in hot orcold water or active physical therapy, with the common goal of using the physical char-acteristics of water to promote health [8, 42, 43]. Specifically, the buoyancy provided bywater results in a reduction in object weight, which implies a reduction in the strengthapplied to the joints, better cartilaginous irrigation, and posture control [44]. Hydrostaticpressure, distributed uniformly and orthogonally on a body immersed in water, helps sup-port and stabilize, improving equilibrium and proprioception [45]. The density of wateris made so that the submerged motion faces greater resistance, stimulating the mus-coloskeletal, cardiovascular, and cardiocirculatory systems, and improving the reinforce-ment of muscles in terms of tone and flexibility, stability, and balance [46, 47]. Differ-ent water temperatures also influence metabolic and heart rate, resulting in anestheticeffects, reductions in edema, muscle relaxation, and vasodilation [48]. Finally, water isperceived as a safe and playful environment, which motivates patients to participate in
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activities that can be challenging in the air and can improve their commitment to long-term rehabilitation protocols [49].Aquatic physical activity is aimed at various subjects, mainly affected by pathologiesor injuries that limit the performance of the musculoskeletal system, the range of motionof the joints, balance, or daily activities related to movement [44, 50–52]. For example,in sport medicine and rehabilitation, aquatic therapy is used for muscle and task-specifictraining, endurance, to relax and avoid overtraining and injuries, and during injury recov-ery [53]. Water also shows positive effects in the treatment of neurological and muscu-loskeletal disorders, chronic and degenerative conditions such as fibromyalgia [54], os-teoarthritis [55], Parkinson’s disease [47], multiple sclerosis [56], asthma [57], hemophilia[58], chronic obstructive pulmonary disease [59] and chronic heart disease [60].Although water is considered one of the most suitable environments for rehabilita-tion [47], classically used methods and protocols to investigate the kinematics of livingorganisms are hardly applicable in this environment. Electrical components constitute astrong limitation to the use in water of most of the methods seen in the previous section(Section 1.1.1). For example, the optoelectronic system is not suitable outside of motioncapture laboratories, as it requires expensive and cumbersome cable-based instrumen-tation [61]. Infrared cameras are also not applicable to the water environment due tointerference caused by water and other surfaces. The company Qualisys provides a com-mercial video system specifically designed for underwater measurements, but it is veryexpensive and still requires cables [62]. Finally, while traditional cameras can be used un-derwater using waterproof cases, the images recorded are heavily affected by the lensand colors distortion caused by the fluid, reducing the field of view evenmore. Therefore,portable IMU devices appear to be the most valuable method for aquatic biomechanicalmotion analysis due to their small dimensions, waterproofness, and absence of physicalspace restrictions.
1.1.4 Performance evaluation criteriaThis dissertation envisions the development and validation of a novel IMU-based tech-nology for aquatic motion analysis. Gait is the selected task due to its importance, knowncharacteristics, apparent simplicity, and repeatability (Section 1.1.2). A summary of theparameters investigated and the analytical tools used for the validation is given to avoidmisinterpretation and redundancy throughout the work.

Gait analysis: temporal gait parameters and knee kinematicsInvestigating walking, the focus is on the temporal gait parameters and the kinematics offlexion-extension of the knee joint.A gait cycle is defined identifying the gait events of HS ad TO (Section 1.1.2, Figure 1.2),allowing to estimate five temporal gait parameters for each gait cycle k [9]:
Stride time: time of a complete gait cycle, in seconds (s)

tcycle(k) = HS(k+1)−HS(k) (1)
Stance time: portion of the gait cycle in which the foot is in contact with the ground (fromHS to TO), in seconds (s)

tstance(k) = TO(k)−HS(k) (2)
or as a percentage of the gait cycle, called stance percentage

pstance(k) =
tstance(k)
tcycle(k)

∗100 (3)
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Swing time: portion of the gait cycle in which the foot is flying and progressing (fromTO to HS), in seconds (s)
tswing(k) = HS(k+1)−TO(k) (4)

or as a percentage of the gait cycle, called swing percentage
pswing(k) =

tswing(k)
tcycle(k)

∗100 (5)
The knee joint during gait is investigated due to the fundamental role of this joint dur-ing locomotion, supporting body weight, absorbing shocks at heel strike and assisting theswing phase [63]. The main and most investigated movement is the flexion-extension onthe sagittal plane (anterior-posterior), designated by convention as positive in flexion andnegative in extension [10], as reported in Figure 1.3a. The physiological displacement ofthe knee joint during walking is commonly normalized throughout the gait cycle, as is vis-ible in Figure 1.3b, and follows a standard behavior. During the stance phase (up to about68% of the gait cycle), the knee joint is responsible for the shock damping mechanism toaccept body weight, resulting in a maximum flexion at about 15% of the cycle during theloading phase and an extension peak at about 40% of the gait prior to the opposite heelstrike. The swing phase is instead characterized by a maximum peak flexion at about 70%of the gait, when the knee assists flexion-extension, and by a maximal extension at theend of the cycle, for foot clearance and placement, in preparation for the next step.

(a) Knee convention angle. (b) Knee flexion-extension curve.

Figure 1.3: Knee joint angle characteristics during walking: (a) convention used for the knee angle
δ , where flexion is defined positive and extension negative; (b) flexion-extension curve over the gait
cycle and Coefficient of Variation (CV =23%) during gait cycle at natural cadence, after [10].

In this dissertation, the knee kinematics during the gait cycle is characterized by es-timating maximum flexion and maximum extension, and calculating the knee range of
motion (ROM), as the difference between them. However, while the kinematic character-istics of the knee flexion-extension angle are generally preserved and comparable, eachgait is specific and differs within and between subjects, for example, depending on thecadence [10, 11].Gait variability estimates how consistent subjects are, between sessions within them-selves or between subjects. Variability has significant clinical value, particularly in humanlocomotion [64], being an index of gait stability and complexity, and serving as a usefulindicator of the risk of falls [65] and the ability to adapt to changing conditions. The lossof gait variability, reflecting stiffened motion, has been observed in advanced aging andin the presence of neurological pathologies such as Parkinson’s disease [66]. In contrast,higher variability, the symptom of worsening gait consistency [67], is common in patientswith knee osteoarthritis [68]. Therefore, it is important that a novelmethod for gait analy-
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sis is able to accuratelymeasure the average variability of themeanwaveform throughoutdifferent repetitions and subjects with the Coefficient of Variation (CV) [10, 11, 69].CV is a variability tomean ratio (CV =σ/X , whereσ is the standard deviation andX thesample mean) that, combined with the ensemble average, allows to calculate a variabilityscore of the average standard deviation over the stride period. After normalization of theknee angle over the gait cycle, the stride period is divided into equal intervals (i.e. 1%, 2%,5%) and for each the average angle and its standard deviation are evaluated. The CV isthen calculated by taking the mean variability over the stride period and expressing it asa percentage of the mean value of the signal:

CV =

√
1
N

N
∑

i=1
σ2

i

1
N

N
∑

i=1
|Xi|

(6)

where N is the number of intervals over the stride, Xi is the mean value of the variable at the i-th
interval, σi is the standard deviation of the variable X about Xi.CV is expected to be about 23% for natural cadence, 18% for faster walking, and 26%for slow walking, indicating that slower gait cycles are less consistent with each other andare generally more variable [10]. Additionally, in this dissertation, the z-scored coefficientof variation (CVz) of knee flexion-extension is estimated. This, to compare the variability ofdifferent parameters, is calculated applying Equation 6 after the data have been z-scoredby subtracting the mean and dividing by the standard deviation at each time-stamp.

Statistical measures and plotting toolsThe following analytical tools are used to validate the proposed method and technologythrough a performance comparison.
1. Root Mean Squared Error (RMSE) is used to determine the distance between thepaired measurements made with two different methods [70].

RMSE =

√
n

∑
i=1

(ŷi − yi)2

n
(7)

where ŷi are the predicted values, yi are the observed values and n is the sample size.2. Pearson’s correlation coefficient (r) is used to determine the strength of the linearrelationship between two variables [71]. It ranges from -1 to +1, where +1 reflects a perfectpositive, and -1 a perfect negative linear relationship. A correlation coefficient value r >
0.8 is considered to be suitable for clinical trial use, while r < 0.5 is considered to be toopoor. For all trials, the comparisons are made using a significance level of α=0.05.

r =

n
∑

i=1
(xi − x̄)(yi − ȳ)√

n
∑

i=1
(xi − x̄)2 ·

n
∑

i=1
(yi − ȳ)2

(8)

where n is the sample size, xi and yi are the sample points at time i, x̄ and ȳ are the sample means.3. Spearman correlation coefficient (ρ) is a non-parametric measure of agreementbetween the ranks of two variables. It assesses the monotonic relationship without mak-ing assumptions about the distribution of data. It varies from 0 to 1 and quantifies thedependence between measurements.
ρs = 1− 6∑i D2

i
n(n2 −1)

(9)
where Di is the difference between observations ranks and n the number of observations.
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4. Bland-Altman plot is a graphical tool for assessing the concordance between mea-surements of the same phenomena obtained from two distinct systems [72]. It allows toappraise effectiveness and eventual measurement bias of a novel measurement approachin comparison to a recognized gold standard [73]. The Bland-Altman plot is a scatter plotthat reports on the horizontal axis the average of measurements ((x1i+x2i)/2), and on thevertical axis the differences between measurements (x1i − x2i) made with the two meth-ods. The plot typically also includes information on measurement bias, defined as theaverage of these differences (b̄ = (∑n
i=1 di)/n), and the 95% confidence interval (evaluatedas bias ± 1.96σ ), where σ is the standard deviation of the measurement differences. If anon-zero bias is observed, it may imply the presence of a significant systematic error inthe measures of the novel method.

Throughout thedissertation, data processing,management, and statistical testingwerecarried out inMATLAB (R2018a, R2020a, R2022b, Mathworks Inc., USA, refer to each pub-lication for the version used) and with XLSTAT (version 2019.2, Alladinsoft, France).
1.2 Research problem and research questions
Aquatic physical therapy holds significant importance in rehabilitation and wellness dueto its unique therapeutic properties (Section 1.1.3). Conventional tools for motion analysisface significant limitations when applied underwater due to the complexity of aquatic en-vironments (Section 1.1.1). An extensive review of the literature will support these claims(Chapter 2) pointing out the substantial deficit of evidence-based and standardized ap-proaches [1]. Therefore, there is a pressing need for innovative technologies and method-ologies tailored to aquatic motion analysis to overcome these challenges and optimizetherapeutic results.The new technologymust be effective, easy to use, comfortable and have a convenientsetup. Waterproofing, durability, and user safety are of paramount importance, togetherwith adaptability and flexibility, to accommodate various testing situations. The methodand protocol should be able to assess motion both overground and in water, without theneed for complex adaptations. Additionally, the method for motion analysis should bereliable, accurate and able to precisely and consistently capture motion parameters overtime and environments. Both themethod and the technology should be compared againstestablished gold standards to ensure that they can effectively capture aquatic motions. Fi-nally, developing a novel parameter for aquatic motion analysis, customized to the char-acteristics of water, is crucial to gain deeper insights into human movement underwater,allowing better assessment and optimization of aquatic therapy and training programs.

The central hypothesis of this dissertation, substantiated by the literature review, isthat a novel approach based on wearable inertial measurement unit and hydrodynamic
pressure sensors will provide parameters tailored to the water environment to describe
accurately aquatic motion.Testing this hypothesis, four research questions are defined:1. What is the state-of-the-artmethod for aquaticmotion analysis andwhat are notableresearch gaps on the use of inertial-based devices for aquatic exercise monitoring?2. Can novel IMU-based wearable sensors, developed specifically for air and underwa-ter motion analysis, provide an accurate assessment of kinematic gait characteristics?3. Using these novel IMU-based sensors, what are the differences between aquatic andoverground gait?4. Can hydrodynamic pressure measured on the lower limbs describe underwater gaitproviding details on this motion and on the interaction between the body and the fluid?
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1.3 Objectives and contributions of the thesis
Addressing the research problem and the questions introduced in the previous section,the main objective of this Ph.D. thesis is to create, evaluate, and validate an innova-
tive method to measure aquatic motion based on wearable inertial and pressure sen-
sors. This goal is achieved through four research objectives (RO) that address the fourresearch questions stated previously, which have resulted in valuable contributions to thefield of aquatic motion analysis. These contributions have been supported by scientificpeer-reviewed publications and conference presentations, which are summarized and dis-cussed in this cumulative dissertation.
RO1: Analyse the current state of the art on aquatic motion analysis through a system-

atic review of the literature to establish research gaps. Publication Ia review of the literaturewas conducted that highlights research gaps and suggests poten-tial avenues for improving future clinical studies on aquatic motion analysis. Two researchquestions were addressed. The first inquiry established the state-of-the-art, consideringstudies on aquatic physical therapy and reviewing themethods used to assess the efficacyof these rehabilitation protocols or to investigate aquatic activities. The second query fo-cused solely on studies that used wearable devices for aquatic motion analysis, reportingtheir qualitative synthesis. This overview defined existing research gaps and proposedinnovative means to address them and to generally improve aquatic motion analysis.
Contribution: An extensive review of the literature on aquatic physical activity was miss-ing from the literature, limiting the awareness of the scientific community in this field.The focus on wearable devices and methods for monitoring aquatic exercise allowed forthe identification of four research gaps and the definition of potential improvements forfuture studies. Overall, it was found thatthe lack of flexible and reproducible monitoring
methods and parameters for the evaluation of aquatic physical activities was the mostsubstantial gap.
RO2: Develop and validate a novel technology and method based on Inertial Measure-

ment Unit sensors for both overground and aquatic motion analysis. Publication II, IIIDesigned to address the main limitation identified in RO1, wearable IMU loggers weredeveloped for motion analysis both in on land and underwater. The reliability of the sen-sors and the proposed methodology were evaluated against gold standard systems. In aproof-of-concept study, publication II, the loggers were validated both on land, againstan optoelectronic system and a marker-based video analysis, and underwater, using themarker-based MoCap as the gold standard reference. In this investigation, the focus wason the kinematics of the right knee along the gait cycle. The method was proven to beeasy to use, wearable, portable, safe, and reliable for monitoring aquatic kinematics.The encouraging results obtained from this preliminary investigation allowed us to go fur-ther both technologically and in terms of the adopted protocol. An improved version ofIMU sensors and a more complete protocol for gait analysis, capable of estimating bothknee kinematics and temporal gait parameters, were developed and tested in a clinicaltrial, Publication III. The validation of these innovative devices followed a validation pro-tocol comparable to Publication II, estimating similar kinematic parameters and employ-ing parallel analytical tools.
Contribution: In contrast to existing commercial sensors, the loggers used in both Publica-
tion II and Publication III, were specifically developed for both overground and aquaticmotion analysis and do not require casing or foresight to be applied in water. A modifiedversion of theOutwalk protocol [74] was proposed, focusing on the kinematics of the kneejoint and the temporal parameters of gait. Unlike previous investigations that performed a
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comparison between the overground and aquatic parameters, in Publication II, the tech-nology and method have been validated through a performance comparison against goldstandard methods in both environments. Additionally, a machine learning technique wasused to enhance the estimate of knee angle made through the IMUs sensors that exploitthe reference motion capture data.
RO3: Conduct a clinical-size trial assessing the kinematic characteristics of walking on

land and underwater. Publication III, IV, IVThe IMU-based technology and method developed and validated in Publication III (RO2)was exploited in a clinical-size trial for the assessment of kinematic characteristics of aquaticand overground gait, considering temporal gait parameters and knee joint kinematics.The investigation pointed out the versatility of the developed system and the significantlyhigher variability of kinematic gait variables underwater. A pilot study was also conductedexpanding the investigation to backward walking, in Publication V, assessing the differ-ences that occur between the two tasks performed on land and in water.
Contribution: Anoriginal clinical-sized investigationwith customizednon-commercial IMU-based sensors has been conducted, providing benchmark data (about 1920 gait cycles foreach environment), valuable as reference for future studies. In Publication III, IV tempo-ral gait and knee joint parameters are considered and the lack of structured clinical proce-dures and methodologies for aquatic motion analysis via wearable devices is addressed,as noted in RO1. A modified Outwalk Protocol for sensor placement and customized dataprocessing algorithms, for fast and accurate gait analysis were proposed. Additionally,in Publication V a novel investigation of underwater backward walking was illustratedthrough the use of the wearable sensors developed in this work.
RO4: Propose and investigate the reliability of a new parameter for the characteriza-

tion of aquatic physical activity. Publication IIIRO1 identified that current investigations are based on methods, technologies, protocolsand parameters developed for land-based investigations, and mostly compare underwa-ter and land-based observations. Although differences between the environments areidentified, an overall understanding of the effects of the underwater environment andthe interactions between the fluid and the body in motion remained lacking. Further-more, the trials conducted addressing RO3, in Publications III, IV, V, determined a highdegree of variability of underwater gait parameters, suggesting that using the same vari-ables for land andwater assessmentsmay not be ideal to characterize underwatermotion.In the study presented in Publication III, the IMUs were further equipped with pressuresensors. Accordingly, the feasibility and reliability of the lateral hydrodynamic pressureon the lower limbs was evaluated as a new motion parameter for aquatic gait analysis.
Contribution: In contrast to previous studies that relied on methods and parameters de-signed for land-based assessments, proven to give high variability in water, it is proposeda parameter tailored to the aquatic environment. Through a pressure sensor embeddedin IMU loggers, the hydrodynamic pressure on the lower limb was measured during un-derwater walking and the effects of water on the body in motion were investigated. Thispioneering study evaluated the fluid-body interaction and provided the basis for a newand more comprehensive understanding of how the presence of water changes the pa-rameters used to study and evaluate walking gait.
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1.4 Structure of the thesis
The main content of this dissertation is organized into chapters dedicated to each of fourresearch objectives.Chapter 2 addresses RO1, presenting and discussing the systematic analysis of the ex-isting literature on aquatic physical activity, with a focus on the use of wearable IMU sen-sors for aquatic motion analysis. This section highlights the motivation and scientific im-portance of the experimental part of the dissertation, pointing out the research gaps inthe field, and proposing solutions to address them.Chapter 3 discusses RO2 by proposing and validating a novel wearable IMU-basedtechnology and method for overground and aquatic motion analysis. Cross-comparisonbetween the proposed method and two gold standard systems is performed both on landand in water, investigating knee joint kinematics and temporal gait parameters.Assessing the reliability and trustworthiness of the proposed technology is a crucialstep in the application of such devices to a clinical trial, and is summarized in Chapter4. In this chapter, RO3 is targeted to conduct overground and aquatic gait analysis inhealthy adults. Addressing a shortcoming of the existing literature, an aquatic backwardwalking analysis was conducted and the results are presented. These investigations allowto establish reliability and versatility of the technology proposed and validated, as well ashighlight the variability of aquatic kinematic parameters. These, while regularly used foraquatic motion analysis, may not be optimal for a thorough assessment of motion in thewater environment.Chapter 5 focuses on RO4, and introduces a novel parameter tailored to underwa-ter motion analysis. The hydrodynamic pressure on the lower extremities is discussed toquantitatively describe the interaction between the fluid and the body in motion duringthe walking gait.Finally, the conclusions, limitations, future perspectives, and final remarks are pre-sented and discussed in Chapter 6.
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2 Systematic literature review
The methods commonly used for quantitative motion analysis have limited applicabilityfor the investigation of aquatic physical activities, due to the presence of electrical compo-nents and general compatibility issues [61, 75]. Furthermore, the lack of a comprehensiveand recent review of the methods used for aquatic motion analysis restrains the under-standing of the field, its limitations and specific needs. Previous reviews have focused onspecific conditions [44, 54, 57, 76], on the use of surface electromyography [77, 78], or ex-amined gait characteristics in aquatic settings assessed throughMoCap systems [79]. Onlya single scientific publication reviewed the use of portable IMUs to monitor aquatic hu-man motion during non-swimming activities [80] to-date, providing a limited evaluationof the existing literature.

Therefore, an up-to-date systematic review of the existing literature on aquatic physi-cal therapy was conducted and presented in Publication I. The methodologies, tools andtechniques used for assessing the efficacy of aquatic rehabilitation protocols and to per-form aquaticmotion analysis were considered. In this review, designated asRO1, the focus
is on the identification of significant research gaps in the field of aquatic motion analysis,with an examination of two key research questions:

1. What are themost frequently employedmethods for aquaticmotion analysis over
the past two decades?Taking into account the identified eligible articles, a comprehensive summary of the litera-ture is provided, evaluting how the research community has investigated aquatic rehabil-itation over the past two decades. The focus was on the general structure of the articles,the conditions addressed, and the assessment methods used.2. What notable gaps exist in the current body of literature on the use of IMUwear-
able devices for aquatic exercise monitoring and how can our understanding of aquatic
motion analysis be improved?Focusing solely on studies that used wearable IMU devices for aquatic motion analysis, aqualitative synthesis is reported. The analysis examines the structural characteristics, re-search methods and protocols employed in these studies, with the aim of elucidating theprimary limitations within the field and delineating the prospective directions for futureresearch.
2.1 Method of the systematic literature review
The review process followed the PRISMA guidelines [81] and was registered in the PROS-PERO international database (CRD42022316782). A comprehensive search of relevant lit-erature was conducted in four repositories: PubMed, IEEE Xplore, Web of Science, andScopus. The eligible English-language peer reviewed articles were identified consideringpublications from 2000 onward, scanning the databases with the keywords listed in Ta-ble 2.1. For each database, the combination of terms used, additional filter criteria, thenumber of resulting papers and the number of publications included in the review afteran initial screening based on the title were reported.

The PRISMA workflow was followed to establish eligible articles is reported in Figure2.1. Potentially relevant articles from the database screening and additional papers dis-covered through citation searching were included in the review. After duplicate removal,two rounds of screening allowed identifying the eligible publications included in the com-prehensive synthesis. In the final PRISMA stage, exclusive attention was given to thosepapers that utilized wearable IMU-based devices for aquatic motion analysis. Given thesubstantial heterogeneity among these studies, a qualitative synthesis was preferred to a
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meta-analysis. Furthermore, to evaluate the quality of the studies, a custom 19-questioncritical evaluation questionnaire was defined based on the assessment tools of STROBE[82], CASP [83] and McMaster [84] (see Table A2 in Publication I).
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AND ((rehabilitation) OR(exercise) OR(kinematic)OR(therapy) OR(training) OR(hydrotherapy) OR (hy-drokinesitherapy)) AND ((wearable) OR (sensor))
767 15 1176 8 2494 28 2500 26

AND ((treadmill) OR (walk) OR (gait)) 3135c 325 3289c 5 6980 651 5123 410AND (wearable) 295 10 318 4 2191 10 2454 12AND ((IMU) OR (accelerom*) OR (inertial)) 453 18 1407 3 5967 28 7144 36AND ((emg) OR (electromyog*)) 553 92 54 4 886 93 1269 133AND ((motion capture) OR (camera)) 668 22 3641 4 2217d 10 1659d 8AND (force plat*) 343 36 481 0 8560 40 7199 52AND (dynamom*) 100 24 20 0 401 33 585 40AND (gonio*) 80 5 74 1 1062 11 1222 11
Total 6394 547 10460 29 30758 904 29155 728

a: Additional filters used: English AND Human;b: Additional filter: English;c: Additional keyword run: ((underwater) OR (aquatic) OR (water)) AND ((treadmill) OR (walk) OR (gait) OR (run));d: Only motion capture: ((underwater) OR (aquatic) OR (water)) AND (motion capture)
Table 2.1: Literature search databases, keyword combinations, and count of retrieved papers (Re-
sults). It is indicated the number of articles included (Incl) in the first step of the PRISMA flow chart.

Figure 2.1: PRISMA flow diagram of the systematic review, with identification, screening, eligibility
and inclusion steps, specifying reasons for papers exclusions.
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2.2 Results
The initial search for articles yielded a total of 2,273 potentially relevant articles. By re-moving duplicates and performing two screening phases, 1,701 studies were excluded forvarious reasons reported in Figure 2.1, leaving 572 eligible articles that met the inclusioncriteria. A comprehensive synthesis of these studies was conducted, addressing the firstresearch question and defining the current state of knowledge, organizing the studies bypublication year, demographics, general characteristics, and investigating the methodsused for aquatic motion analysis. The second research question aimed to focus on the23 articles among the eligible ones that utilized wearable IMU-based devices for aquaticmotion analysis. Given the substantial heterogeneity of these works, a qualitative synthe-sis was conducted that gives an overview of the demographics and characteristics of theinvestigations, including the choice of protocol, the evaluation method, and the results.
2.2.1 Preliminary synthesis of the eligible papers
Eligible papers are organized in Figure 2.2a by publication year showing a clear increasein the number of published papers on aquatic physical therapy in the last two decades.Between 2011 and 2022, 75% of the eligible articles were published, indicating a growinginterest among researchers and clinicians in investigating aquatic motion.Referring to the type of population involved, Figure 2.2b shows that slightly more thanhalf (51%) of the eligible research engaged healthy individuals. The remaining papers werededicated to examining various disorders and chronic conditions where neurological im-pairments were the most frequent (101 papers). Pain-related, orthopedic, and muscu-loskeletal disorders were involved in 91 works, 38 studies focused on cardiovascular orrespiratory diseases, and 19 articles focused on children. The remaining 29 studies ex-plored a diverse range of conditions, including, but not limited to, diabetes, obesity, andpregnancy. Furthermore, only 20 of these 278 works with a pathological population in-cluded a healthy control group.Of the eligible articles, approximately 58% (333) examined the entire rehabilitationcycle using pre/post comparisons including the progression and effects of the proposedactivities and protocols. The remaining 239 studies did not incorporate a full rehabilitationcycle, but focused on a single evaluation involving a limited number of repetitions of theinvestigated task (usually 3-5).In relation to the methods used to assess aquatic motion or to monitor the outcomesof aquatic rehabilitation, one or more quantitative methods were used in 318 studies,while qualitative surveys and questionnaires were preferred in 447 researches, and 193works opted for both quantitative and qualitative tools.
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Figure 2.2: 572 eligible papers organized by (a) publication year and (b) population involved.
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Figure 2.3: Quantitative methods used in the el-
igible papers, and their incidence.

MoCap, EMG 17 MoCap, IMU 5FP, IMU 5 MoCap, IMU, FP 1EMG, IMU 1 EMG, Dynamometer 3Goniometer, MoCap 4 Goniometer,Dynamometer 5
Gait system,Dynamometer 1 MoCap, EMG,Goniometer 1
MoCap, FP,Dynamometer 2 EMG, MoCap,Dynamometer 3
EMG, FP, Dynamometer 1 EMG, Goniometer 2Gait system, EMG 1 Gait system, FP 2Goniometer, FP, EMG 1 Dynamometer, FP 1MoCap, Dynamometer 1 EMG, Dynamometer,Goniometer 1

Table 2.2: Incidence of multiple quantitative
methods in the eligible papers.

Figure 2.3 provides a concise summary of the quantitative methods employed in thestudies, presenting the number of times each method was used. The methodology usedmost frequently was the dynamometer (94 studies). FP and pressure sensors were alsovery common (88 studies), MoCap technologies (84 studies), EMG (81 articles), and go-niometers (34 studies). Wearable IMU devices were used in 27 papers, and 13 studiesutilized other customized technologies. In particular, 88 studies used a combination ofquantitative methods, where the most common combinations, reported in the Table 2.2,were MoCap and EMG (17 studies), MoCap and FP (10 studies) or MoCap, EMG, and FP(6 studies). Wearable devices were used in conjunction with MoCap, FP, and EMG in 12investigations.
Alternatively or in addition to quantitativemeasures, 447 studies conductedmetabolicassessments or adopted semi-quantitative and qualitative methods. These include tests,scales, and questionnaires to assess patient conditions, mobility, quality of life, and theoverall effectiveness of water-based therapies. Seven distinct groups of tools can be iden-tified: (1) metabolic tests, based on cardiovascular, cardiorespiratory, and ventilatory ob-servations; (2) functional tests for motion-related evaluations, including kinematic andmuscular assessments for gait, balance, and postural control, exercise-specific parame-ters, mobility, and muscular parameters; (3) pain assessment questionnaires; (4) ratingsof perceived exertion and fatigue scales; (5) condition-specific tests and questionnaires,related to the population involved; (6) surveys on lifestyle, quality of life, mental health,and physical activity level; (7) patient self-evaluations and other related tests.

2.2.2 Wearables for aquatic motion analysis
The final stage of the PRISMA workflow identified 27 articles that used wearable inertialsensors to monitor aquatic physical activities. Four of these were excluded as they usedaccelerometers to quantify daily physical activities [85, 86], quality of life [87], and qualityof sleep [88] of subjects undergoing hydrotherapy protocols.

The main characteristics of the remaining 23 articles are summarized in Table 2.3. In-terestingly, most studies were published during 2017, 2019 and 2020. Most of the articles(17) involved healthy adults or elderly subjects, while the remaining investigated anteriorcruciate ligament injury [89, 90], anterior knee pain [91], and incomplete spinal cord in-jury [92–94]. The sample sizes ranged from 10 to a maximum of 50 subjects, four articleshaving a balanced gender distribution [91, 95–97] and three involving a healthy controlgroup [89–91]. Three main study purposes are identifiable: the investigation of a specificaquatic task, the comparison between land and aquatic motion, and the development
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and validation of methods or technologies. Concerning exercises, protocols, and evalua-tion metrics, there is considerable variability, with gait being the most common task andtask-specific parameters generally estimated. With the exception of four studies [98–101]that only considered the water environment, motion analysis was typically performed oneither land or in water. Interestingly, nine studies preferred a pool with adjustable depth,while the remaining used a pool with fixed depth.Various wearable methods were used, with IMU sensors being the most popular, ex-ploited in 13 studies. Three works used a combination of accelerometer and gyroscope,five a stand-alone accelerometer, and one a smartphone. The number of devices andtheir positioning on the subject varied from one to eight, placed most commonly on thetrunk and laterally on the lower limbs. Additional quantitative tools were used to supportinertial sensors in 15works, such asMoCap, optoelectronic systems, force plates, and elec-tromyography. Five papers also explored metabolic, cardiovascular, and cardiorespiratoryparameters. With the exception of Chien et al. [102] that used the Borg scale to assessperceived exertion rate and Marinho-Buzelli et al. [92, 93] who performed a clinical ex-amination on balance and perception through International Standards for NeurologicalClassification of Spinal Cord Injury, Berg’s Balance Scale, Mini-BESTest and perception in-terviews, no other studies included functional tests, pain assessment, or quality of lifequestionnaires.Finally, the customized critical evaluation tool was applied to evaluate the overall qual-ity of the articles; the results are reported in Table A3 of Publication I. Although thearticles were generally of satisfactory quality, only four studies specified the study de-sign [89, 92, 95, 98], and only two [91, 101] indicated clear inclusion/exclusion criteria.Additionally, no study involved multiple measurements over a rehabilitation protocol ordiscussed the management of missing data.
Table 2.3: Summary of the articles included in the qualitative synthesis. Organized by publication
year, are reported: investigation purpose, demographics (population involved, gender distribution
(M-F) and age), exercise protocol adopted and testing environment, monitoring methods and mea-
surable outcome. The type of inertial sensor used, their number and positioning are also specified.

AuthorYear Purpose Part (M-F)Age Protocol Monitoring methods Outcome measured
Kaneda2014 [98] Developed a model forenergy expenditurewater-walking

50 H (29-21)27 to 73 Gait UW A (1: head), Gas ana-lyzer Energy expenditure estima-tion (acceleration, velocity,O2 and CO2 exchange)Fantozzi2015 [103] Compared land andwater lower limb andthorax-pelvis jointskinematics

11 H (6-5)27.0±3.4 Gait DL + UW IMU (8: thorax, pelvis,laterally on thighs,shanks, feet)
Outwalk protocol (temporo-spatial param, joints kine-matics), Linear Mixed Model

Cortesi2016 [89] Method for land andwater gait for jointskinematics analysis ofan ACL injured

1 ACL (NA)NA Gait DL+UW IMU (8: thorax, pelvis,laterally on thighs,shanks, feet)
Outwalk protocol (temporo-spatial param, joints kine-matics)

Chien2017 [102] Estimated impacts ofland and water kneeextension
17 H (0-17)22.1±0.7 Knee flexion-extension,DL+UW

A (1: below malleolusof the ankle), HRmon-itor, Near-InfraredSpectroscopy, RPEBorg scale, EMG

HR, Blood flow, Total Satu-ration Index, RPE, Muscularactivity, Knee extension kine-matic
Macdermid2017 [104] Evaluated effects ofdifferent depth watertreadmill running

6 H (NA)29.8±13.0 Treadmill run-ning, DL+UW A (3: lateral righttibia, lower back,forehead), Gas an-alyzer, HR monitor,MoCap (reference)

Transfer function, Temporo-spatial param, Oscillation,shock attenuation, loadingrate, Physiological data
Macdermid2017 [99] Evaluated effects ofdifferent depth watertreadmill running

8 H (NA)25±12 Treadmill run-ning, UW A (1: lateral righttibia), HR monitor Temporo-spatial param, Rateof impact loading, Accelera-tion features (slope, peak atimpact)
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AuthorYear Purpose Part (M-F)Age Protocol Monitoring methods Outcome measured
Mangia2017 [90] Instrumental validationof IMUs in water, testin clinical and sport set-tings

5 Elderly (3-2)71.6±2.21 ACL (1-0) 39

Gait DL+UW IMU (8: thorax, pelvis,thighs, shanks, feet) Outwalk protocol (temporo-spatial param, joints kine-matics)
Buzelli2017 [105] Influence of water onCOP parameters andon trunk accelerationduring quiet standing

10 H (6-4)NA Stand still,eyes openedor closed,DL+UW

IMU (2: lower and up-per trunk), FP COP param (time- andfrequency-domain), Trunkacceleration param (posturalsway)Buzelli2017 [95] Investigated posturekinematics and kinet-ics during water gaitinitiation

10 H (5-5)19 to 35 Standing andgait initiation,DL+UW
IMU (3: upper andlower trunk, shank),FP

COP trajectories, GRF com-ponents, Trunk accelerationparam (postural sway)
Severin2017 [106] Quantified differencesbetween land and wa-ter S, SS, SLS

25 H (14-11)22.1±4.0 S, SS, SLS,DL+UW IMU (3: upper andlower trunk, shank),FP
Joints kinematics (ROM,movement depth), PeakvelocitiesSeverin2017 [91] Assessed kinematicsand asymmetry duringland and water S andSLS in AKP

2 AKP (10-10)22.8±4.0 S and SLS,DL+UW A+G (6: laterally onthighs and shanks,trunk, sacrum)
Joints kinematics, Asymme-try index score (shank, thigh,thorax)

Buzelli2019 [92] Influence of water onquasi-static posture af-ter iSCI
6 iSCI (4-2)42 to 69 Stand still witheyes openedand closed,DL+UW

IMU (2: upper andlower trunk), FP, Clin-ical examination, per-ception interviews

COP parameters, % Bodyweight offloading, Trunkacceleration param (pos-tural sway), PerceptionquestionnaireBuzelli2019 [93] Influence of water ongait initiation in iSCI 5 iSCI (4-1)42 to 69 Standing andgait initiation,DL+UW
IMU (2: upper andlower trunk), FP, Clin-ical examination, per-ception interviews

COP parameters, Trunkacceleration param (pos-tural sway), PerceptionquestionnaireSeverin2019 [107] Impacts of water onROM and peak veloci-ties during S and SS
24 Elderly (7-17)71.4±5.4

S and SS,DL+UW IMU (6: trunk,sacrum, laterally onthighs, shanks)
ROM trunk, hip, knee, Veloc-ities, Squat depths

Souza2019 [108] Analysed walkinginside and outsidewater
1 H (NA)NA Gait DL+UW A + G (4: inner sidecalf, medial malleoli) Temporo-spatial param

Fantozzi2020 [109] Land and water walk-ing kinematics of el-derly and young adults
9 Elderly (4-5) 73.5±5.8 Gait DL+UW IMU (5: trunk, pelvis,laterally on thigh,shank, foot)

Outwalk protocol (temporo-spatial param, joints kine-matics), Linear mixed modelsGandolla2020 [96] Designed a biofeed-back for aquaticmovement analysis
2 H (1-1)20 Soulder move-ments, DL+UW IMU (3: trunk, upperand lower arm), Op-toelectronic (land val-idation)

Measurement uncertaintyand algorithm validation,System usability
Kaneda2020 [110] Compared land andwater walking usingIMU and video camera

10 H (6-4)30±6 Gait DL+UW IMU (1: thigh mid-point front), MoCap Stance ratios and joints kine-matics, Acceleration, angularvelocityPacini2020 [97] Water performance of17 algorithms for landgait events estimation
10 H (5-5)26.2±3.3 Gait DL+UW IMU (5: trunk, shanks,dorsal feet), MoCap,FP

Quality algorithms, Temporo-spatial param, GRF
Monoli2021 [2] Tested and validateddeveloped underwaterwearable IMUs

7 H (4-3)NA Gait DL+UW IMU (2: laterally onthigh and shank), Mo-Cap, Optoelectronic(land validation)

Knee angle, Gaussian ProcessRegression enhancement

Chien2022 [100] GRF measured andpredicted different ac-celerometer positionsand jump intensities

12 H (0-12)23.6±1.8 UW counter-movementjumps
A (3: right ankle,lumbar, neck), FP, HRmonitor

Acceleration, GRF, GRF pre-dicted via accelerometerdata
Lee2022 [101] Reliability of leg seg-ment and joint anglesmeasurements withsmartphones

19 H (7-12)22.0±1.9 Gait UW IMU (3 smartphones:frontal on trunk,thigh, and shank),MoCap

Joints kinematics and ROM(hip, knee)

Fantozzi2022 [94] Compared DL+UW gaitinitiation in iSCI 10 iSCI (9-1)65±8 Gait initiationDL+UW IMU (4: upper andlower trunk, left andright shanks)
Anticipatory Postural Adjust-ment time, First-step charac-teristics

UW: Underwater. DL: Dry Land. NA: Not Applicable. A: Accelerometer. G: Gyroscope. IMU: Inertial Measurement Unit.ROM: Range of Motion. S: Squats. SS: Split Squats. SLS: Single Limb Squats. HR: Heart Rate. EMG: Electromyography.MoCap: Motion Capture. FP: Force Platform. RPE: Rate of Perceived Exertion. COP: Center Of Pressure. GRP: GroundReaction Forces. AKP: Anterior Knee Pain. iSCI: incomplete Spinal Cord Injury.
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2.3 Research gaps and conclusions on RO1
The systematic review of the literature conducted in Publication I focused on aquaticphysical activities, considering articles published in the last two decades. No distinctionwas made between studies that evaluated aquatic motion, on land or in both environ-ments, but all research was included in the context of aquatic physical therapy. The mainlimitations of the review carried out are the keywords and inclusion criteria selected andthe exclusion of swimming and other water-related activities.The synthesis of the 572 eligible papers identified following the PRISMA workflow ad-dressed the first research question by highlighting that the most common methods usedfor aquaticmotion analysis are dynamometers, force plates, andmotion capture. Twoma-jor methodological categories emerged: quantitative methods for objective assessmentand qualitative or semi-quantitative methods to assess motion quality and the impact ofwater exercise.To target the second research question and identify existing research gaps, a qualita-tive summary of the 23 articles used IMU-based wearable devices for monitoring aquaticmotion was carried out. This allowed the determination of four main research gaps:1. Lack of standardized clinical protocols for aquaticmotion analysis. The studies var-ied significantly in their methods, making cross-comparison challenging. Future researchshould establish clear protocols for underwater wearables to improve the comparabilityof water-based activities.2. Inadequate coverage of whole-body studies with IMU devices. The technical chal-lenges of analysing inertial data in water limited the focus mainly to specific parts of thebody, neglecting the whole body system and the unique forces of buoyancy and drag thatact in aquatic environments.3. Insufficient longitudinal studiesmonitored bywearable devices. Limited data dueto logistical challenges hindered insights into the effects of water on kinematics and thelong-term benefits of hydrotherapy.4. Over reliance on land-based measurement and assessment methods. Most stud-ies used methods developed and commonly used for overground assessment. Further-more, few investigations exploited other monitoring methods in combination with IMUs,while the adoption ofmultiple quantitativemethods and specific tests and questionnairescould improve the understanding of aquatic exercise and its impact on kinematics.In conclusion, RO1 lead to the identification of a substantial deficit in evidence-basedapproaches. Most notably, there are no existing protocols and methods tailored specif-ically for water rehabilitation studies. The need for standardized protocols, whole-bodymonitoring, longitudinal studies, and a more comprehensive approach to wearable mon-itoring in aquatic exercise research was highlighted.
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3 Development and validation of the method
The literature review presented in the previous chapter identified the lack of standardizedmethodologies and technologies suitable for both over-ground and underwater motionanalysis as the main research gap (Chapter 2). To address this, RO2 aims at developing
and validating a novel technology and method based on IMUs, suitable for the evalua-
tion of aquatic and overground motion. Two investigations were carried out, in which theIMU-based technology was validated by a performance comparison with gold standardmethods for motion analysis to test the reliability, trustworthiness, and eventual mea-surement bias and systematic errors.

An initial proof-of-concept study, reported in Publication II and presented in Section3.1, validated an IMU-based prototypical technology both on land and in water, againstoptoelectronic and marker-based MoCap. Gait analysis was performed, involving a smallcohort of healthy adults and focusing on the estimation of knee joint kinematics. Theresults of this preliminary investigation allowed for technological and methodological im-provements and for a larger scale application, presented and discussed in Publication III.Given the novelty of the technology, validity and reliability of these IMUs and protocolwere tested overground through performance comparison against the gold standard op-toelectronic system, considering the knee kinematics over the gait cycle and gait temporalparameters (Section 3.2).
The two studies followed similar validation protocols, estimating kinematic parame-ters, and using analytical tools introduced in Section 1.1.4. In contrast to existing literaturethat exploited wearable IMUs developed for overground assessments, the devices usedin these two studies have been specially developed for air and aquatic body-mountedkinematic measurements. The sensors do not require additional casing for clinical appli-cation and both power and data storage are self-contained, eliminating the need for ca-bles and allowing versatility and easy use in both environments. If these validations proveto be effective, the developed technology and method could offer a reliable approach tomonitoring aquatic rehabilitation, addressing the technological limitations that currentlychallenge conventional optoelectronic and motion tracking methods.

3.1 Proof of concept study
The initial proof-of-concept study, detailed in Publication II, is designed to test and vali-date a wearable IMU system through a comprehensive multi-method performance com-parison in both terrestrial and aquatic conditions. Reliability and repeatability of the pro-posed IMU technology were assessed focusing on the flexion-extension knee angle (sagit-tal planar component) throughout a complete gait cycle.

The investigation consisted of two trials. Trial 1 was performed in a traditional land-based rehabilitation setting, involving an optoelectronic system and a marker-based Mo-Cap system as referencemethods formotion analysis. The trial was carried out in the Clin-ical Laboratory for Gait Analysis and Posture of the Piancavallo Auxological Center (ItalianAuxological Institute, Italy). Trial 2 tested the IMU system in the aquatic environment,comparing its performance with an underwater MoCap system. These tests were con-ducted in the indoor swimming pool at the Keila Health Center (Keila, Estonia).
3.1.1 Technology and protocol
Two IMU-based waterproof sensors, designed for aquatic and overground motion track-ing at Tallinn University of Technology, were used (Figure 3.1a). The outer dimensions ofthe loggers (5.6x2.6x1.0cm) and their lightweight (22g) allow them to interfere as little
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as possible with the human motion. The sensing unit (BNO055) is an IMU that records,through accelerometer and gyroscope, sampling at 100Hz, and magnetometer, samplingat 20Hz, the absolute orientation using an attitude and heading reference system (AHRS).The loggers use a CortexM0processor, have 16GBmemory for data storage, and a 100mAhrechargable battery.
The same protocol was adopted for the two trials, although each differed in the num-ber of participants and repetitions executed (Figure 3.1b). Following the Outwalk protocol[74], two sensors were placed on the shank of each subject and on the outer thigh of theright leg, at the approximate height of the center of mass [11], as shown in Figure 3.1. Tovalidate the system, two reference systems were used, and kinematics parameters werecross-compared. During Trial 1, Vicon-460 (Oxford Metrics Ltd) optoelectronic system,consisting of 6 infrared cameras (sampling at 100 Hz), was used as the gold standard. Sub-jects were outfittedwith passive light-reflectivemarkers on anatomical landmarks, follow-ing the Davis protocol [38]. Infrared cameras identified and tracked the marker positions;the recorded three-dimensional coordinates of the markers, enabled motion reconstruc-tion within a defined space. Marker-based MoCap analysis (referred to as Camera) wasconducted in both trials, using an ASUS ZenFone 3 (ZC520TL, 13 MP, autofocus, 30 fps)in Trial 1, and a Sony Alpha A5000 (20MP, continuous autofocus, 25 fps) in Trial 2. Thecamera was oriented orthogonally to the gait direction at 0.8m from the ground. The fo-cal distance between the camera and the subjects was 2.8m for Trial 1 and 4.3m for Trial2. This was needed to record a complete aquatic gait cycle, since the refractive index ofwater is 33% higher than that of air, reducing the field of view of the camera. The cameracalibration was carried out following theMATLAB camera calibration toolbox [111].
Prior to any data acquisition, anthropometric measurements were collected to estab-lish the location of the wearable sensors. For each repetition of the task, subjects wereasked to perform a static two-pose calibration, similar to [112], to identify the trial andgrant post-processing synchronization between the measurement systems. The partici-pants were told to stand straight (pose one) and then lift their right leg, bending the hipand knee comfortably (pose two) for at least 2 seconds. The subjects were then asked towalk along a straight line, starting with the right leg, while wearing the IMU and simulta-neously recorded by the optoelectronic and/or MoCap system.
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Figure 3.1: Proof of concept study. (a) Breakdown of the IMU loggers used. (b) Protocol and summary
of the two trials conducted, including the methods used, the subjects involved and the repetitions
made.
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3.1.2 Method and data processing
Data collectedwith the threemethodswas processed to obtain the knee flexion-extensionangle during the second complete right-leg gait cycle.

The IMU sensors return in a comma-delimited . txt file the n row-wise entries of times-tamp (ms), accelerometer readings (x,y and z m/s2) and absolute orientation (quater-nions). The knee angle in each direction was estimated using a custom MATLAB scriptfollowing [113]:
Kneei(t) = tan−1 (∥∥V 1

i (t)×V 2
i (t)

∥∥ ,V 1
i (t) ·V 2

i (t)
) (10)

where Kneei(t) is the knee angle in the axis of interest i (x,y,z) at each time stamp, t, calculated as
the four-quadrant inverse tangent (tan−1) between the cross product and the dot product of the
rotated vectors of the two sensors along the axisV a

i . With i the body frame axis of interest and a (1
or 2) the index of the two sensors.

Gaussian Process Regression (GPR), is a robust non-parametric method for both hu-man and robotic gait analysis [114] was applied using MATLAB to improve IMU assess-ments. The predictor variable, IMU estimates of the knee angle, was ameliorated througha 10-fold cross-validation using optoelectronic and camera-based observations as the tar-get variable. Data from all subjects from Trials 1 and 2, including both reference methods,were concatenated into a single ensemble data set, and the predictor and target datawere normalized by subtracting the means and dividing by the standard deviations. Thepredictor variable was then converted to a time-shifted vector of length n = 40 lags, cho-sen because it represented the mean of the zero crossing of the knee angle autocorrela-tion. The Matern 5/2 kernel covariance function k(xi,x j), defined as follows, was foundto exhibit the best RMSE performance for latent variables f (xi), f (x j), having a Euclideandistance r between them.
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where σ f = 0.8568 was the empirically derived standard deviation of the IMU-derived knee angle
during the gait, and σl = 2.2084 was the characteristic length scale.The Plug-in Gait bodymodel [115] was used to calculate the knee joint kinematics fromthe optoelectronic systemmarker positions, obtaining a standard 3D Biomechanics Datafiles .c3d [116, 117]. Mokka software (3DMotion Kinematic & Kinetic analyser, Biomechan-ical ToolKit) was used for data visualization and export into .csv files.

Themarker-based MoCap (Camera) recordings were analysed using Kinovea (version0.8.26) [118] to obtain the knee angle. Optoelectronic markers were tracked in Trial 1,while for Trial 2, circular black and yellow markers were used, placed on the thigh, knee,and shank. After tracking, a .txt file was exported with the knee angle estimates (rad).
3.1.3 Results and conclusions of the proof of concept
Trial 1 validated the IMU-basedmeasurements (IMU) overgroundby cross-comparing themwith both the marker-based MoCap (CAMERA) and the optoelectronic system (OPTO).Three subjects were involved and the task was repeated six times. An execution for Sub-ject 1 was faulty, leaving a total of 17 valuable experiments. Trial 2 applied the IMU-basedsystem in water (IMUw), comparing its performance against theMoCap (CAMERAw), con-sidering 11 repetitions for each of the four subjects involved. Two executions were dis-missed due to camera malfunction (from Subject 4 and Subject 7) leaving 42 availableexperiments. In both trials, the IMU estimations of knee angle were improved by apply-ing GPR (referred to GPR and GPRw, respectively, for Trial 1 and Trial 2).

An example of the estimated knee flexion-extension angle, obtained during Trial 1 for
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Figure 3.2: Knee angle over the gait cycle, esti-
mated by the different systems used in Trial 1.

Figure 3.3: Example of a Bland-Altman plot of
the 6 repetitions of Trial 1, Subject 1.

the threemethods and the GPR is shown in Figure 3.2. The data are presented normalizedover the gait cycle, and the improvement prompted by the GPR is noticeable. Figure 3.3reports, as an example, the Bland-Altman plot of the six repetitions of a subject duringTrial 1. One repetition is highlighted in black and are also reported the bias (black line,average of the differences) and the confidence interval (dashed lines, bias ± 1.96σ ).Maximum knee flexion for each measurement system and subject involved in Trial 1and Trial 2 are presented as boxplots in Figure 3.4. A one-way ANOVA test with confidence95% did not reveal significant differences (p = 0.7) for Trial 1, while for Trial 2 there werestatistically significant differences between the measurement methods for all subjects (p<0.05). This observation aligns with our hypothesis that the IMU-based method is appli-cable in both air and aquatic studies of knee angles during gait, although large differencesare noticeable between subjects and the limited sample size restricts the generalizationof the findings.Table 3.1 provides the summary mean and standard deviation of the RMSE and thecorrelation coefficient r of the comparison between measurement methods, for all sub-

(a) Trial 1, on land. Methods: optoelectronic (OPTO), camera-
based (CAMERA), inertial sensors (IMU), and Gaussian Pro-
cess Regression (GPR).

(b) Trial 2, in water. Methods: camera-based (CAMERAw),
inertial sensors (IMUw), and Gaussian Process Regression
(GPRw).

Figure 3.4: Box and whisker plots of the maximum flexion angle for each subject and measurement
methods used during Trial 1 (a) and Trial 2 (b).

Trial 1 IMU-OPTO IMU-CAMERA GPR-OPTORMSE [◦] 10.1 ± 2.7 8.1 ± 2.1 6.3 ± 2.2
r [unitless] 0.90 ± 0.03 0.90 ± 0.03 0.95 ± 0.05

(a) Trial 1

Trial 2 IMUw-CAMERAw GPRw-CAMERAwRMSE [◦] 8.8 ± 2.6 6.6 ± 2.6
r [unitless] 0.88 ± 0.06 0.91 ± 0.08

(b) Trial 2

Table 3.1: Mean and standard deviation of the Root Mean Squared Error (RMSE) and correlation
coefficient (r) obtained comparing measurement methods in Trial 1 and Trial 2.
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(a) Bland-Altman bias, average of the differences. (b) Bland-Altman standard deviation of the differences.

Figure 3.5: Bland-Altman coefficients of bias (a) and standard deviation of the differences (b), for
Trial 1 and Trial 2, obtained from the pair-wise comparison between different measurement systems.

Trial 1 IMU OPTO CAMERA GPRSubject 1 11.6 14.0 14.6 13.1Subject 2 20.0 28.4 22.4 23.6Subject 3 6.5 10.5 12.5 12.7
(a) Trial 1

Trial 2 IMUw CAMERAw GPRwSubject 4 20.1 23.8 18.6Subject 5 24.9 21.3 23.0Subject 6 14.5 16.7 12.8Subject 7 16.3 18.3 24.8
(b) Trial 2

Table 3.2: Coefficient of Variation from Trial 1 and Trial 2 for each measurement system used.

jects involved in Trial 1 and Trial 2. During Trial 1, the IMU-based system reported an er-ror marginally larger than the camera-based measurements, compared to the optoelec-tronic system, while the GPR model reduced the RMSE to about 2◦. During aquatic val-idation, Trial 2, the error was found to be slightly higher when comparing inertial andcamera-based systems (from 8.1◦ to 8.8◦); while, similarly to Trial 1, the RMSE after GPRwas smaller. The Pearson correlation coefficient was found acceptable (above 0.8) in allthe repetitions of Trial 1, and in 93% of the cases of Trial 2; while also reporting that theGPR improved the estimates increasing r for both trials. One-way ANOVA tests (95% con-fidence) found significant differences (p <0.001) between the correlation coefficients ofthe three groups for Trial 1.
Bland-Altman plots were drawn for each subject and trial, reporting the bias coeffi-cients and standard deviation in the box plots of Figure 3.5. For Trial 1, the Bland-Altmanplot was evaluated with the optoelectronic system as reference (OPTO); while in Trial 2,the camera-based system (CAMERAw) was considered as ground truth. During Trial 1, thebias was always greater than zero, indicating that the IMU systematically overestimatedthe knee angle. The standard deviation remained consistent between all test subjects andthe measurement technologies, while the GPR results show that the regression model re-duced both the bias and standard deviation. During Trial 2 a reduced bias was detectedand indicates that there is a low probability of a systematic error, although a larger num-ber of test subjects are needed to thoroughly substantiate this claim. The coefficients ofvariation (CV) calculated for Trial 1 and Trial 2, are reported in Table 3.2. In general, CVtends to be highly subject-specific and always higher than the values reported in the lit-erature [11]. This could be due to the small number of repetitions utilized, the modestcohort involved, or slow walking speed. Although it does not allow for comprehensivestatements, it is also important to note that in both trials GPR did not consistently reduceCV.
The proof-of-concept study conducted shows that the developed IMU-based methodassesses the knee angle throughout the gait cycle, in agreement with previous land-based
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performance comparisons between IMU and motion tracking systems [119, 120]. It is thefirst work to perform both overground and aquatic validation against optoelectronic andMoCap systems and to apply a GPRmodel to underwater gait data to improve IMU perfor-mance. The main result of this investigation is that 93% of the aquatic experiments usingIMU andmotion tracking showed a high cross-correlation threshold, while the land-basedexperiments comparing IMU with optoelectronic and motion capture systems resulted ina cross-correlation, r >0.8 in all experiments.The main limitations of this study were: (1) the assumption and investigation of a two-dimensional knee angle, although it is considered as an appropriate simplification [121];(2) the number of subjects and repetitions were not sufficient for comprehensive clini-cal inference but adequate for the purpose of validating and testing a novel device andprotocol; (3) the execution of the two trials at different locations and with different sub-jects, due to logistic constraints; (4) soft tissue disturbances were ignored, as well as thesubjects’ comfort during the testing. Finally, the Kinovea software required considerablemanual adjustment during marker tracking between frames, resulting in a high uncer-tainty of measurement. However, this experience also mirrored comments found in aprevious study [118]. While not free from limitations, the findings in this study are suffi-cient to warrant future application of the proposed IMU system for testing in clinical trials.
3.2 Clinical study, PIMU validation
Acknowledging the results of the proof-of-concept study, an improved version of the sen-sors was developed and tested in a clinical-size trial presented in Publication III. Newwearable loggers, including IMU and pressure sensors (PIMU) [122], were designed atTallinn University of Technology specifically to monitor aquatic kinematics. Similarly tothe investigation presented in the previous section and before applying PIMUs to the wa-ter environment, the validation of these devices was necessary to establish the eventualmeasurement bias and systematic errors. Gait analysis was conducted overground usingPIMU sensors to estimate the temporal gait and knee joint parameters, comparing themwith those obtained from the optoelectronic system for performance validation. In con-trast to the proof-of-concept investigation, a relatively large cohort of healthy adults wasinvolved and three sensors were placed on the right lower limb to allow estimation ofboth the knee joint and temporal gait parameters.
3.2.1 Technology and protocol
Three PIMU sensors [122] were used for gait analysis, their schematics and positioningon the lower limb are reported in Figure 3.6. The wearable devices are smaller (35 x 13x 13.55mm) and lighter (6.9g) than the ones used in the proof-of-concept study (Section3.1.1), to further minimize the discomfort of the patients. PIMU sensors log data at 100Hz and include a triaxial IMU (BMX160, Bosch Sensortec, Germany) with accelerometer,gyroscope and magnetometer. A pressure sensor (MS5837-2BA, TE Connectivity, Switzer-land) is also included to measure the hydrodynamic pressure (discussed in Chapter 5).Data are stored as a comma-separated values (.csv) file on an onboard memory module(SD card) with 2 GB of storage, and are retrieved via a USB connection. The loggers arepowered by a Lithium-Polymer battery (3.7V, 40mAh), include a microprocessor (32-bitARM Cortex-M0+ SAM D21G) and were waterproofed with epoxy resin.Sixteen healthy young adults participated in the study (see Section 4.1 for their demo-graphics), wearing three PIMU sensors laterally on the right leg, as visible in Figure 3.6.Sensors were fixed with self-adhesive medical tape at the approximate center of mass ofthe thigh, shank, and foot [11], following a modified version of the Outwalk protocol [74].
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Figure 3.6: Technical drawing and placement of
the PIMU sensors on a test subject.

Figure 3.7: Foot COM acceleration data from the
optoelectronic system (OPTO) and PIMU sensors.

Validation was carried out in the Laboratory of Posture and Movement Analysis "LuigiDivieti" of Politecnico diMilano (Milan, Italy), where the 8 camera BTS-SmartDX 400 opto-
electronic system (BTS Bioengineering S.p.a., Italy), sampling at 100Hz, was used simulta-neously with PIMUs. Light-reflecting optoelectronic markers were placed on test subjectsfollowing the Davis protocol [38]. Anthropometric measurements were taken to establishthe location of the wearable sensors and the optoelectronic markers. Before each trial, tosynchronize the optoelectronic system and the sensors, a static calibration of two postswas performed after [112]. Subjects were asked to stand upright (pose one) and then lifttheir right leg, in hip flexion with the knee flexed to a comfortable angle (pose two) for atleast 2 seconds. Following the calibration procedure, the experimental protocol encom-passed ten walking tasks, starting with the right leg, at subjects’ preferred self-selectedspeed, with arms folded across the chest. Each subject performed ten walking tasks. Atask was repeated in case of optoelectronic malfunctioning (e.g. lost marker, markers notvisible during the trial ecc).
3.2.2 Method and data processing
Standard gait analysis was performed considering the second stride of the right leg. ThePIMUs data were processed inMATLABwith an algorithm developed by the authors to au-tomatically detect gait events based on the acceleration magnitude of the foot-mountedsensor. The knee angle was estimated from gyroscope and accelerometer data, applyingthe Madgwick filter to calculate the relative angle between the sensors mounted on thethigh and the shank, following Song et al. [123]. Optoelectronic data was processed usingthe BTS Smart Clinic software (BTS Bioengineering S.p.a., Italy) bymanually identifying gaitevents and, through anthropometric data, reconstructing motion kinematics and internalcenter of rotation of the knee [124].Figure 3.7 shows an example of the data obtained with the optoelectronic system(OPTO) and the PIMUs. The COM acceleration of the right foot estimated by the opto-electronic system (black) is reported against the magnitude acceleration of the PIMU po-sitioned on the right foot (red). The vertical lines indicate the gait events of HS and TOidentified with the two methods.The temporal gait parameters of stride time, stance and swing times, stance and swingpercentageswere estimated, aswell as the angle of flexion-extension of the knee through-out the gait cycle and the knee parameters of maximal flexion, maximal extension, ROM,CV, and CVz. All parameters (160 samples per parameter: 16 participants, 10 repetitions)were normalized over the gait cycle to allow cross-comparison between repetitions, sub-jects, and methods. The validation of the PIMU-based method against the optoelectronic
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system focused on descriptive statistics and the estimation of RMSE, ρ , and Bland-Altmanplots. Brunner-Munzel test was also used for a pairwise comparison between measure-ments [125]. This non-parametric test method is a generalized and more robust versionof the Mann-Whitney U test, which does not require the assumption of equal variancesbetween sample populations [126]. The use of this test is key, as there were substantialdifferences between parameters when considering the land and underwater test environ-ments.
3.2.3 Results and conclusions of PIMU validation
A total of 159 sampleswere obtained, since one subject had only nine acceptable trials dueto non-detected optoelectronicmalfunction during data collection (missing a kneemarkerthroughout the recording). These were used to assess the reliability and measurementerrors of the PIMUs. Data were tested for normality using a Kolmogorov-Smirnov test andwere not found to be normally distributed for the majority of trials. Therefore, resultsreporting median and interquartile ranges (IQR) are discussed.Temporal gait parameters estimated by the optoelectronic system and the PIMU sen-sors are summarized in Table 3.3 and in the violin plots of Figure 3.8. It is appreciable thatthe stride time estimations were consistent between themethods, while PIMU underesti-mated the stance time (median difference of 4% of the gait cycle), resulting in an overesti-mation of the swing time by the same amount. This differencemight be attributable to animprecise definition of the TO event that divides the gait cycle into the stance and swing

Optoelectronic PIMU
Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Temporal gaitparameters
Stride time [s] 1.12 (1.04, 1.21) 0.17 1.11 (1.04, 1.21) 0.17Stance time [s] 0.70 (0.64, 0.77) 0.13 0.66 (0.62, 0.71) 0.09Swing time [s] 0.41 (0.40, 0.45) 0.05 0.46 (0.42, 0.51) 0.09Stance phase [%] 62.50 (61.61, 63.59) 1.98 58.59 (56.60, 60.69) 4.09Swing phase [%] 37.50 (36.41, 38.39) 1.98 41.41 (39.31, 43.40) 4.09

Knee jointparameters

ROM [◦] 62.70 (58.54, 67.32) 8.79 60.79 (57.41, 65.47) 8.06Max flexion [◦] 66.44 (61.38, 69.01) 7.63 63.93 (59.47, 69.36) 9.89Max extension [◦] 1.76 (-2.11, 5.40) 7.51 2.34 (0.45, 5.18) 4.73CV [%] 27.84 31.02CVz [%] 20.97 31.20
Table 3.3: Temporal gait and knee joint parameters obtained with the optoelectronic system and
PIMU sensors. For each parameter are reported median, first (Q1) and third (Q3) quartiles in paren-
thesis, and interquartile range (IQR = Q3-Q1).

(a) Temporal gait parameters in seconds. (b) Gait phases in % of the gait cycle.

Figure 3.8: Violin plot of the temporal gait parameters in seconds (a) and of the gait phases in per-
centage of the gait cycle (b), obtained by the PIMU sensors (red) and optoelectronic system (OPTO,
black). The violin plots graphically represent the data distributionwhile also reporting itsmean value
(whole lines), median (white circle), and interquartile range (gray boxplot).
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phases. The Brunner-Munzel test found that there were no statistically significant differ-ences between the two methods (p =0.6); while, both stance and swing times demon-strated significant disparities (p <0.001).
The average and standard deviation patterns of the knee flexion-extension angle dur-ing the gait cycle obtained by the optoelectronic system and the PIMU are shown in Figure3.9. The knee angle of the PIMU exhibited a reduced peak value during the stance phase(0 to 20% of the stride) and was found to have a higher residual flexion angle at the endof the gait cycle, around 18◦, while approximately 6◦ for the optoelectronic system. Fur-thermore, in agreement with the results obtained for the temporal gait parameters, thePIMU slightly anticipated the estimation ofmaximum knee flexion and TO, represented bythe vertical dashed lines. Table 3.3 reports the knee flexion-extension parameters, whileFigure 3.10 summarizes the distributions of knee ROM andmaximum flexion estimated bytwo systems. The PIMU underestimated the ROM on average by 1.91◦ and the maximalflexion by 2.51◦, although when looking at the violin plots, the ROM distributions appearsimilar betweenmethods and, for both parameters, generally more variable for the PIMUsystem. When comparing CV, it is also noticeable that the variability of the knee joint ofPIMU was slightly higher, although both values were in agreement with the reference CVbetween subjects for a slow cadence of 26% [10]. The differences between optoelectronicand PIMU knee parameters, tested with the Brunner-Munzel test, revealed statisticallysignificant differences in knee ROM (p =0.02) and maximal extension (p =0.02), while nosignificant differences were observed in maximum flexion (p =0.67).The validation parameters in Table 3.4 revealed a modest RMSE (up to approximately5% of the gait cycle for stance time) and an acceptable Spearman correlation coefficient(>0.8) for the temporal gait parameters, consistent with similar studies [127]. The Bland-Altman measurement biases for stride and stance times were small, respectively 0.05sand -0.04s, suggesting a slight underestimation by the PIMUmethod. Bland-Altman plots

Figure 3.9: Average and standard deviation of
the knee angle over the gait cycle for the opto-
electronic (OPTO, black) and PIMU (red) system.

Figure 3.10: Violin plots of ROM and maximal
flexion of the knee angle measured by the opto-
electronic (OPTO, black) and PIMUs (red).

RMSE ρ
Bland-Altman plot coefficients
bias σ CI low CI upStride time [s] 0.03 0.95 0.01 0.03 -0.06 0.07Stance time [s] 0.06 0.84 0.05 0.04 -0.03 0.12Swing time [s] 0.05 0.80 -0.04 0.04 -0.11 0.03Knee angle [◦] 10.96 0.74 -2.94 10.56 -23.64 17.76Knee ROM [◦] 3.81 0.81 1.40 3.55 -5.56 8.36

Table 3.4: Validation parameters used to compare the optoelectronic and the PIMU systems: Root
Mean Squared Error (RMSE), Spearman coefficient (ρ), and Bland-Altman bias (average of the dif-
ferences), standard deviation (σ ) and confidence interval boundaries (CI low, CI up).
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Figure 3.11: Bland-Altman plots of stride time, stance and swing times (in seconds) comparing op-
toelectronic and PIMU assessments. The whole line is the measurement bias (average of the differ-
ences, OPTO-PIMU), and the dashed lines the confidence interval (bias± 1.96σ , with σ the standard
deviation of the differences).

of the gait temporal parameters of stride, stance, and swing times are provided in Figure3.11. Additionally, the validation parameters of the knee joint indicated a relatively highRMSE, with respect to the optoelectronic, but a low Bland-Altman bias, comparable to[128].
The improved pressure and IMU loggers developed for aquatic and overground mo-tion analysis were validated through performance comparison against the optoelectronicsystem. This allowed for the assessment of the system’s reliability and to explore thepresence of systematic measurement errors. The PIMU system was found to have goodaccuracy and reliability for motion analysis (RMSE for stride time around 3% of the gaitcycle) and was capable of measuring both temporal and joint parameters with a reason-able trade-off between precision and ease of application. However, an underestimation ofstride and stance parameters is acknowledged by the PIMUs (respectively, Bland-Altmanbias of 0.01s and 0.05s).
The main limitations of this study were the algorithms used to identify gait events. In-deed, solely the planar superficial flexion-extension knee angle were considered, ratherthan the fully three-dimensional motion around the anatomical internal center of rota-tion. This limits understanding of the overall motion [129] and may be responsible for themeasurement bias and recorded RMSE. On the other hand, the differences in temporalgait parameters observed between PIMU and optoelectronic estimates are presumably aconsequence of the method and algorithm used for the identification of the gait events.The definition of HS and TO, based on the detection of acceleration peaks of the foot-mounted sensor, has effects on the estimates of knee angle and is likely to be responsiblefor the anticipated behavior of the joints and the observed RMSE [130]. Finally, mag-netometers are susceptible to local ferromagnetic disturbances and gyroscopic drift thatlimited the synchronization of the three PIMUs, resulting in time-consuming manual datapost-processing required for the final estimation of the kinematic parameters [131, 132].

3.3 Conclusions on RO2
Previous studies [80, 90] have demonstrated thepotential of IMU-based systems for aquaticquantitative motion analysis. However, the systematic review presented in Chapter 2 and
Publication I, revealed a lack of suitable wearable IMU-based technologies, methods,and parameters specific to aquatic motion analysis. To address these gaps, a technologyand method for gait analysis is developed and validated that is suitable for both land andunderwater investigations. The sensors, based on IMUs measurements, provide a simpleand relatively affordable way to quickly and easily perform motion analysis. The devel-

44



opment of this technology included two validation steps, presented in Publication II and
Publication III. Considering locomotion, performance cross-comparison of the proposedtechnology, method and algorithm for data processing was performed against gold stan-dard methods to assess reliability and eventual measurement bias [133].The proof-of-concept study presented in Publication II investigated the kinematics ofthe knee joint during walking in a small population, using two sensors placed on the thighand shank of the right leg. Cross-correlation and coefficient of variation indicated strongsimilarities between the camera-based systemand the developed IMU system, and no sta-tistically significant differences were found. The proposed technology was also validatedin water, with a marker-based MoCap as a reference, observing an error similar to thatobserved on land. These findings suggest that the presence of water does not interferewith IMUmeasurement and that the proposed IMU-based system is suitable for the studyof knee kinematics both on land and in water. Publication II was the first investigationto validate an IMU-based wearable method on both land and water. Additionally, Gaus-sian Progress Regression was applied successfully for the first time to improve IMU-basedestimates of the kinematics of the knee joint in water.The results obtained allowed for a technological and methodological improvementof the IMU-based system, presented and discussed in Publication III. Three pressureand inertial-based sensors, smaller, lighter, and more versatile than the ones used forthe proof-of-concept study, were used to estimate both temporal gait and knee joint pa-rameters. The validation was performed against an optoelectronic system solely over-ground since the technology and waterproofing methods were similar to those proposedin the proof-of-concept. The findings were aligned with the earlier study, affirming satis-factory precision and reliability. The algorithm used in this study to estimate knee flexion-extension [123] improved RMSE and CV, while the use of three sensors allowed the esti-mation of gait events and temporal gait parameters, although a slight underestimation ofthe latter was observed.The validation carried out in both Publication II and Publication III relied on three as-sumptions: (1) the gait pattern of each test subject is considered equally repeated throughiterations, neglecting the effects of fatigue and psychological state; (2) the commercial op-toelectronic system is assumed to be themost accuratemethod to record humangait kine-matics; (3) the knee flexion extension angle is assumed planar, ignoring lateral variationsof body motion and skin artifacts, allowing to compare MoCap, IMU and optoelectronicmeasures.Although these assumptions somewhat limit the estimation of the kinematic param-eters, to the best of the author’s knowledge, the studies conducted to address RO2 arethe first to exploit non-commercially available wireless and cableless inertial sensors forair and aquatic gait analysis. The physical characteristics of the sensorsminimize potentialmovement restrictions, allowing for the continuousmonitoring of sports- and rehabilitation-specific movements. The results obtained during the validation study encourage futureapplications to investigate aquatic gait kinematics, compare it with overground assess-ments, and analyse more complex tasks and exercises.
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4 Aquatic gait analysis
To address RO3, the PIMU sensors detailed and validated in the preceding chapter (Sec-tion 3.2) were tested in an aquatic setting. The objective is to systematically characterize
aquatic walking, addressing the gap in structured clinical procedures and methodologiestailored for underwater motion analysis, highlighted in the literature review in Chapter 2.

The clinical-size trial, detailed in Publication III, characterizes the primary kinematicfeatures of aquatic walking, encompassing both temporal and knee joint parameters. Pre-liminary results of this study are also presented as a podium discussion in publication IV.The study involved healthy young participants introduced in the PIMU validation study(Section 3.2). Aquatic results are juxtaposed with PIMU land-based data from the valida-tion trial to discern and quantify the kinematic differences that occur between the twoenvironments.
A subset of these participants was enrolled in an additional trial designed to investi-

gate backward walking in water, as showcased in the podium presentation in Publication
V. Although a prevalent component in aquatic rehabilitation protocols [134], objectiveinvestigations of backward walking in water through wearable IMU devices were lacking,as indicated by the systematic literature review. This pilot study, which uses the PIMUdevices and methods developed for publication III, tested the versatility of the sensorsand the reliability of the data processing algorithms.

The experimental tests on land and underwater were conducted in compliance withthe World Medical Association Declaration of Helsinki and were approved by the EthicsCommittee of Politecnico di Milano (Decision 22/2021 on June 14th, 2021. Milan, Italy).
4.1 Instrumentation, method and protocol
To investigate the kinematic peculiarities of aquatic walking, in Publication III, sixteenhealthy young adults were enrolled (9 Females: 24.8 ± 1.1years, 1.66 ± 0.06m, 59.2 ± 6.7kg;7 Males: 25.4 ± 2.9years, 1.78 ± 0.05m, 73.6 ± 11.6kg). All subjects had no functional im-pairments, no neurological or orthopedic conditions, and were free frommusculoskeletalinjury or pain at the time of data collection. The volunteers had no previous experiencewith water rehabilitation exercises.

Instrumentation, protocol, and methods were presented in Section 3.2 for the valida-tion portion of Publication III. Briefly, the Outwalk protocol [74] was adopted, placingthree PIMU sensors on the right lower limb, on the thigh, shank, and foot, and was usedto perform gait analysis. The tests were carried out within one week from the validationtrial presented in the previous chapter, at the rehabilitative swimming pool of the EnjoySport Center (Cernusco sul Naviglio, Milan, Italy). The pool has a fixed depth of 1.20m, is3m long, and the water temperature remained at 31◦C throughout the trials. The samevalidation trial testing procedure was adopted to allow cross-comparison between envi-ronments. Subjects were asked to perform 10 walking tests, initiated with the right legand anticipated by a two-pose calibration [112].
The data processingmethods presented in Section 3.2.2were adopted to handle aquaticPIMU data and estimate the temporal gait parameters of stride time, stance, and swingtimes and percentages, as well as to evaluate the knee joint flexion-extension angle andjoint parameters. From the magnitude of the acceleration of the PIMU sensor mountedon the footwere identified the gait events of heel strike (HS) and toe off (TO), to determineeach gait cycle and temporal gait parameters. From the PIMUs on the thigh and shank, theknee flexion-extension angle was estimated during walking by processing accelerometerand gyroscope data [123]. The second complete gait cycle of the right leg was considered,
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producing a total of 159 parameters per environment (16 subjects x 10 repetitions, onesubject had only 9 valid trials). Characteristics of aquatic walking and differences withland locomotion were observed through descriptive statistics, reporting median and IQRrange, and applying the Brunner-Munzel test for non-parametric populations. A subsetof this population, further described in Section 4.4, participated in publication V, wherethe same protocol, method, and data processing procedures were adopted and ten repe-titions of backward walking were performed after the ten forward walking trials.
4.2 Land and aquatic temporal gait parameters
The acceleration magnitude recorded by the foot-mounted PIMU is used to identify thegait events of HS and TO. An illustration of the raw accelerometer data throughout a com-plete gait cycle is presented in Figure 4.1, where the stance and swing phases for both landand water environments are highlighted. Notably, underwater gait exhibited a stride timeduration almost 2.5 times longer than that observed on land. Furthermore, the accelera-tion magnitude is observed to be higher on land.

Violin plots in Figure 4.2 show the distributions of temporal gait parameters of thestride, stance, and swing times, in seconds, for land (green) and underwater (blue) walk-ing. These parameters in water increased both in magnitude and variability. Stride in-creased by a factor of 172%, stance of 162% and swing of 167%, with long distributiontails. All temporal gait parameters are reported in Table 4.1, where despite the substantialincrease observed in water, the subdivision into the stance and swing phases remainedsimilar to the on land assessments, respectively, about 58% and 42% of the gait cycle. Ingood agreement with previous investigations [135], these results confirm that walking in

Figure 4.1: Foot-mounted accelerometer magni-
tude time series during a single gait cycle on land
and in water, with highlighted gait phases.

Figure 4.2: Violin plots of the temporal param-
eters of stride, stance and swing times for land
(green) and aquatic (blue) gait analysis.

PIMU Land PIMUWater
Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Temporal gaitparameters
Stride time [s] 1.11 (1.04, 1.21) 0.17 3.02 (2.61, 3.33) 0.72Stance time [s] 0.66 (0.62, 0.71) 0.09 1.73 (1.54, 2.03) 0.49Swing time [s] 0.46 (0.42, 0.51) 0.09 1.23 (1.06, 1.43) 0.38Stance phase [%] 58.59 (56.60, 60.69) 4.09 58.18 (56.09, 61.27) 5.18Swing phase [%] 41.41 (39.31, 43.40) 4.09 41.82 (38.73, 43.91) 5.18

Knee jointparameters
ROM [◦] 60.79 (57.41, 65.47) 8.06 60.19 (50.07, 71.68) 21.60Max flexion [◦] 63.93 (59.47, 69.36) 9.89 65.71 (55.00, 77.91) 22.91Max extension [◦] 2.34 (0.45, 5.18) 4.73 6.37 (1.00, 11.80) 10.80CV [%] 31.02 60.57CVz [%] 31.20 67.69

Table 4.1: Temporal gait and knee parameters estimatedwith the PIMU system inwater and on land,
reporting median, first (Q1) and third (Q3) quartiles in parenthesis, and interquartile range (IQR).
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water encompasses longer gait cycles, but the presence of water does not alter the sub-division into phases. Finally, temporal gait parameters on land and in water were foundto be significantly different (p <0.001) according to the Brunner-Munzel test.
4.3 Knee joint parameters in water and on land

Aquatic knee flexion-extension angle, together with the overground assessment, are pre-sented in Figure 4.3. The mean and standard deviation envelopes, normalized over thegait cycle, showed higher variability (shaded area) in water and few differences betweenenvironments. During aquatic walking, an average 18◦ knee flexion angle was observedat 0% of the gait cycle, while the classical flexion peak was absent at the beginning ofthe stance phase (around 10% of the gait cycle). Knee joint parameters are reported inTable 4.1, where the higher qualitative variability appreciable in Figure 4.3 is confirmedby the superior IQR and a nearly double CV in water, compared to the land-based results.It was also found that the median values of maximal flexion and extension were higherin water,respectively 1.78◦ and 4.03◦. While a similar ROM was observed between thetwo environments, the IQR was found to be 2.5 higher in water. The Brunner-Munzel teston underwater and overground knee joint parameters were not statistically significant forROM (p =0.46) and maximal flexion (p =0.47), while maximal extension was statisticallysignificant (p <0.001).
These results, alignedwith similar camera-based observations [103, 136, 137], concludethat aquatic gait kinematics is likely to be inherently less repeatable than those on land.The variations in knee flexion-extension observed in water, such as the lack of flexionduring load acceptance and the decreased maximum flexion, may be associated with aslower walking pace [10].Previous work has pointed out that these discrepancies may bepartially explained by different experimental conditions, such as the depth of the waterand the age of the participants [103]. To account for the effect of the height of the partici-pants on the estimated indexes, we also calculated the CV of the knee angle after z-scorednormalization (CVz). Similarly, this parameter more than doubled during the water trials.
The properties ofwater and the resistance offered to themovement can lead to slower,less controlled and therefore less repeatable motions and overall different motor strate-gies [103]. These factors limit the cross-comparison of results between subjects and stud-ies on land and underwater.

Figure 4.3: Mean and standard deviation envelopes (shaded regions) of the knee joint angle over the
gait cycle, calculated on land (green) and in water (blue) with PIMUs. Vertical dashed lines highlight
the toe off.
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4.4 Backward gait on land and in aquatic setting
Backward Walking (BW) is often overlooked in rehabilitation protocols [6], despite itsproven benefits for balance, muscle strength, pain reduction, joint mobility, and overallstability [138, 139], being particularly well suited for people unable to perform high-impactexercises [140]. Backward walking training has shown positive effects on spatio-temporalgait parameters and balance ability [141], also in pathological populations [138]. Previousinvestigations noted greater variability in temporal parameters, joint angles, andmuscularactivation compared to forward walking (FW) [142], reduction in knee joint loading [139],and overall differences in balance, coordination, cognitive function, proprioception andspatial awareness [143].Despite the known benefits of backward walking in water [134, 144], from the reviewpresented in Chapter 2, it is noticeable that no previous studies have investigated thekinematic differences between forward and backward walking in water using wearableIMU sensors. Addressing this research gap, a subset of the participants in the clinicalstudy presented in Publication III were involved in a pilot study.The aim of the study was to assess and compare the characteristics of forward andbackward gait, both in and out of water, using PIMU sensors. Specifically, the focus wason spatial-temporal parameters and the kinematics of the knee joint. Five females (24.5± 0.6 years, 1.62 ± 0.06 m, 58.8 ± 5.4 kg) were involved and walked 10 times forward andbackward in and outside the water. The pool was the same used in the clinical study (3mlong, 1.20mdeep), and the sensors’ positioning, protocol and data processing followed theone described in Section 3.2. Given the small sample size involved, the first two completegait cycles or the right leg were analysed, providing 100 samples for each parameter andenvironment (5 participants x 10 times, two gait cycles each).The median and IQR of the temporal gait parameters and the knee joint measures are

PIMUWaterForward walking Backward walking
Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Temporal gaitparameters
Stride time [s] 3.05 (2.63, 3.48) 0.85 2.75 (2.43, 3.62) 1.19Stance time [s] 1.91 (1.58, 2.24) 0.66 1.88 (1.66, 2.28) 0.62Swing time [s] 1.16 (0.99, 1.35) 0.36 0.93 (0.81, 1.18) 0.37Stance ph. [%] 61.52 (59.01, 64.36) 5.35 65.56 (60.14, 69.71) 9.57Swing ph. [%] 38.48 (35.64, 40.99) 5.35 34.44 (30.29, 39.86) 9.57

Knee jointparameters
ROM [◦] 79.91 (61.14, 102.88) 41.74 75.62 (62.27, 95.25) 32.98Max Flex. [◦] 79.68 (62.13, 102.17) 40.04 75.91 (56.87, 100.38) 43.51Max Ext. [◦] 5.47 (-4.10, 12.39) 16.49 0.30 (-7.95, 6.84) 14.79Knee CV [%] 73.32 90.59Knee CVz [%] 82.79 84.83

PIMU LandForward walking Backward walking
Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Temporal gaitparameters
Stride time [s] 1.12 (1.06, 1.18) 0.12 1.19 (1.09, 1.28) 0.19Stance time [s] 0.68 (0.63, 0.73) 0.10 0.76 (0.69, 0.83) 0.14Swing time [s] 0.44 (0.40, 0.47) 0.07 0.43 (0.40, 0.46) 0.06Stance ph. [%] 60.77 (58.88, 63.33) 4.45 63.91 (61.60, 66.15) 4.55Swing ph. [%] 39.23 (36.67, 41.12) 4.45 36.09 (33.85, 38.40) 4.55

Knee jointparameters
ROM [◦] 61.38 (58.24, 63.75) 5.51 50.08 (48.12, 52.43) 4.31Max Flex. [◦] 62.54 (59.12, 65.38) 6.26 55.13 (48.71, 57.96) 9.25Max Ext. [◦] 1.22 (-2.29, 3.19) 5.48 3.04 (-1.08, 8.01) 9.09Knee CV [%] 32.43 40.04Knee CVz [%] 35.27 35.49

Table 4.2: Temporal and knee joint parameters estimated with the PIMU system in water and on
land during forward and backward walking. For each parameter are reported median, first (Q1) and
third (Q3) quartiles in parenthesis, and interquartile range (IQR = Q3 - Q1).
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(a) Temporal gait parameters in seconds. (b) Gait phases in % of the gait cycle.

Figure 4.4: Temporal gait parameters (a) and subdivision into gait phases (b) during Forward (FW)
and Backward (BW) walking on land (green) and in water (blue).

reported in Table 4.2 for the two environments and tasks considered. Figure 4.4 showsthe violin plot for the temporal gait parameter, on land and in water for forward (FW) andbackward (BW) walking, while the values are reported in Table 4.2. Similarly to what wasobserved in the previous section, whenmoving from land (green) to underwater (blue) as-sessments, the parameters increased in magnitude and variability. The duration of stridein water tripled during forward walking and doubled for backward walking. Interestingly,when moving from FW to BW walking, a longer stride time was observed on the groundand a reduced one in the water (Figure 4.4a). Taking into account the gait phases of FW,expressed as a percentage of the cycle (Figure 4.4b), when in water, the variance of all dis-tributions increased, but the subdivision into stance and swing phases remained in generalsimilar to the land-based walking values. Unlike BW, a longer stance phase was apprecia-ble, on land and even more in water, resulting in shorter swing phases.
The kinematics of the knee, normalized over the gait cycle for walking on land andunderwater, forward and backward, is shown in Figure 4.5. During backward walking, thestance phase is characterized by higher flexion at the beginning of the gait cycle and agenerally more extended knee angle during the midstance (from 20% to 50% of the gaitcycle). In both tasks, the knee joint reaches a higher maximum flexion in water, althoughwith greater variance. The angle coefficients of the knee joint in Table 4.2 confirm thesequalitative observations, also supported by CV,much higher inwater and during backwardwalking.
This preliminary study was successful in assessing forward and backward walking in

(a) Forward walking. (b) Backward walking.

Figure 4.5: Mean and standard deviation envelope (shaded regions) of the knee joint angle normal-
ized over the gait cycle, calculated on land (green) and in water (blue) during Forward and Backward
walking. Vertical dashed lines highlight the toe off.
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water with the proposed wearable PIMU sensors, with results in agreement with pre-vious camera-based investigations of land-based walking [6]. The results pointed out amuch higher variability of both temporal and knee joint parameters for backward walk-ing both in water and on land, while the overall kinematics is preserved between the twoenvironments.
4.5 Conclusions on RO3
To address RO3, the PIMU sensors were applied to the water environment to investigateand quantify the main kinematic characteristics of aquatic walking. Publication III en-compassed a clinical-size trial involving 16 healthy adults that addressed the lack of struc-tured procedures andmethodologies based on wearable IMU devices specifically tailoredfor underwater motion analysis. WearablePIMU sensors were used without any adjust-ment on land and underwater, with results in agreement with previous IMU-only studies[103, 109]. The kinematic differences between land and underwater gait and knee jointparameters can be justified by the slower walking speed in water [137]. All parametersreported higher variability in water, compared to land-based walking. For example, thestride time on land reported an IQR of 0.17s, while underwater it was 0.72s, which is about15% and 24% of the gait cycle, respectively. Similarly, the knee angle coefficient of vari-ation after normalization (CVz), was 67.69% in water, a result far from the standard CVdefined by Winter of 26% [10].In Publication V a pilot study on backward aquatic walking was recommended. Thepurpose was to examine the adaptability of the PIMU that was developed in evaluatinga different task that is somewhat similar. The results were promising, although they in-volved a small population. While in agreement with a similar previous analysis on back-wardwalking on land [139], a greater variability of all kinematic parameters was observed,which may be linked to the absence of visual feedback during backward walking [6].Focusing on the water environment, the higher volatility of the kinematic gait param-eters has been justified by previous investigations by the properties and resistance of thefluid medium [103]. The density of water increases the resistance to movement, resultingin slower, less controlled, and less repeatable motions. This suggests that different motorstrategies may have been utilized. Additionally, the act of walking in water presented anovel formof exercise for the participants, leading to a lack of ability to replicate andmain-tain consistency across different attempts. The study did not anticipate a trial for adap-tation, which could have impacted the variability of the findings. Future studies shouldconsider an adaptation period and might investigate the learning effect and changes ingait variability across trails and repetitions. Furthermore, the studies conducted only in-volve sensors being placed on the right leg. This limitation restricts the examination of theoverall body movements and symmetry of walking, resulting in a lack of comprehensiveunderstanding regarding the strategies employed for walking in water.The results obtainedhave validated the flexibility anddependability of PIMUs for aqua-tic gait analysis. However, the significant variability raises concerns about the appropriate-ness of using the standard kinematic gait parameter to analyse and describe underwatermotion. Although the comparison between walking on land and underwater is undoubt-edly valuable, using terms that are specific to land-based movement overlooks the pres-ence of water and may not be sufficient for accurately describing underwater motion andthe impact of the medium.

51



5 Hydrodynamic pressure during aquatic walking
The review discussed in Chapter 2 (Publication I) highlighted that previous research onaquatic motion relies on methodologies, technologies, and parameters that were origi-nally developed for assessing land-based movements. As a consequence, there is a re-quirement for strategies to modify traditional technology for underwater use, such asemploying waterproof casings that may sacrifice accuracy or investing in costly technolo-gies that resemble the optoelectronic method for use in water. Moreover, in Chapter 3and Chapter 4 (Publication II, III, IV, V), it has been observed that the estimation oftraditional land-based gait parameters in water exhibits higher variability and uncertaintycompared to overground estimates.

Despite the acknowledgement of the lower repeatability of aquatic motion and thechallenges associated with the task, these findings raise doubts about the suitability ofthese parameters for characterizing underwater motion. Furthermore, the use of con-ventional overground parameters fails to account for the presence of water and its uniqueproperties, limiting the investigation to the kinematics resulting from the interaction withthe fluid. Consequently, our understanding of the interaction between a moving bodyand the fluid, as well as the characterization of water’s buoyancy, drag, and resistance,remains limited.
In order to overcome these limitations, the PIMU sensors that have been previouslypresented, validated, and tested in previous chapters are utilized. This is done to evalu-ate the reliability of the hydrodynamic pressure on the lower limbs as a new parameterfor analysing aquatic motion (RO4). By using this measure, which is specifically tailoredfor water environments, a more accurate understanding of the interaction between thebody and the fluid can be obtained. It provides insights into the hydrostatic pressure ofwater, which is responsible for supporting and stabilizing the submerged body (pressure)[45]. Additionally, quantifying the pressure on the lower body allows for the considerationand description of the resistance encountered during aquatic motion. This is importantfor assessing the effects of aquatic training on the musculoskeletal, cardiovascular, andcardiocirculatory systems [46, 47].
In Publication III, the hydrodynamic pressure was recorded during typical forwardwalking. Additionally, the data collected for Publication V was used to quantify the hy-drodynamic pressure during both forward and backward walking. In doing so, this authorwas able to characterize the hydrodynamic pressure time series at the thigh, shank, andfoot during a gait cycle. Afterwards, this allowed for the comparison of the variability andtrustworthiness of these pressure measurements with the knee angle measurements, aspresented in Chapter 4 using the z-scored Coefficient of Variation.

5.1 The method and data processing
During both Publication III and V, three PIMU sensors were placed laterally on the rightlower limb (see Section 3.2 and Figure 3.6). Each PIMU included a MS5837-02BA (TE Con-nectivity) pressure sensor, with operating range 300-1200 mbar between -20 to +85◦Cand accuracy of ±4 mbar.

The hydrodynamic pressure recorded by each sensor, later referred to as thigh, shank,and foot, was processed by subtracting the median value for each dataset to accountfor the different heights and submersion levels of the subjects, and was subsequentlynormalized over the gait cycle. The hydrodynamic pressure parameters similar to the kneeangle were estimated: maximal and minimal pressure, as well as the Range Of Pressure(ROP), calculated as their difference and coefficients of variation (CV and CVz). Descriptive
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statistics of the results are given reporting average time series and standard deviationenvelopes for each sensor, median, and IQR per each parameter estimated.
5.2 Hydrodynamic pressure during forward walking

The 16 healthy participants involved in Publication III resulted in 159 hydrodynamic pres-sure measures per sensor location. The mean time series and standard deviation en-velopes of the hydrodynamic pressure over the gait cycle are shown in Figure 5.1 for eachsensor location, where the vertical dashed line highlights the average toe off. Distinctivepatterns can be observed in the gait cycle. Approximately 40% of the gait cycle, specifi-cally during the stance phase, showed minimal signals. At 40% of the gait cycle, duringthemid-stance phase, the pressure on the shank started to decrease, indicating the arrivalof the contralateral swinging leg and the upward movement of the leg towards the wa-ter surface. In contrast, the pressures on the thigh and foot remained relatively constantuntil 50% of the gait cycle, which corresponds to the heel-off phase. This phase marksthe initiation of the foot detaching from the ground in preparation for the swing phase.A reduction in thigh and foot pressure was noted during the preswing and initial swingphases of the gait cycle, which occurred after 50% of the cycle. During this phase, thethigh, shank, and foot come closer to the water surface, resulting in a decrease in hydro-dynamic pressure. The magnitude of these fluctuations was found to be directly relatedto the degree of movement, with smaller variations observed in the thigh, intermediatechanges in the shank, and larger fluctuations in the foot. During the final stages of the gaitcycle, specifically the mid- and terminal swing phases (80% to 100%), the hydrodynamicpressure steadily rose until returning to its original level. As the lower limb approachedthe ground in anticipation of heel strike, the leg moved away from the water surface, re-sulting in an increase in hydrodynamic pressure. Notably, the average pressure on thethigh and shank exhibited two clear patterns around the 60% and 80% points of the gait,corresponding to the initial swing and mid-swing phases.
The violin plots in Figure 5.2 report the ROP distributions for the three locations, whileall estimated parameters are summarized in Table 5.1. The pressuremeasured on the thighexhibited the smallest ROP in terms of both the median (7.68 mbar) and the IQR (5.60mbar), along with the highest CV at 138 35%. In contrast, the foot location recorded thelargest ROP (19.97 mbar with an IQR of 11.78 mbar) and the lowest CV (80.06%). Finally,the shank location displayed intermediate values for both ROP (13.98 with an IQR of 8.34)and CV (98.99%). Normalization of CV (CVz) confirms that the hydrodynamic pressure onthe foot (CVz = 39.65%) exhibits greater repeatability between subjects and trials.

Figure 5.1: Mean and standard deviation en-
velopes (shaded) of the hydrodynamic pressure
over the gait of thigh, shank and foot PIMUs.

Figure 5.2: Range of pressure violin plots, report-
ing mean value (whole lines), median (white cir-
cle), and interquartile range (gray box).
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Thigh Shank Foot
Median (Q1, Q3) IQR Median (Q1, Q3) IQR Median (Q1, Q3) IQRROP [mbar] 7.68 (4.20, 9.81) 5.60 13.98 (11.04, 19.39) 8.34 19.97 (16.75, 28.53) 11.78Max pressure [mbar] 2.50 (1.67, 3.29) 1.63 3.13 (2.32, 4.10) 1.78 2.43 (1.80, 3.27) 1.47Min pressure [mbar] -4.54 (-7.00, -2.52) 4.49 -11.35 (-15.75, -7.80) -14.20 -17.64 (-26.61, -14.20) 12.41CV [%] 138.34 98.99 80.06CVz [%] 126.88 70.15 39.65

Table 5.1: Hydrodynamic pressure parameters of underwater gait, reporting median, first (Q1) and
third (Q3) quartiles in parenthesis and interquartile ranges (IQR =Q3-Q1) of Range of Pressure (ROP),
maximal and minimal pressure and coefficient of variation (CV and CVz).

5.3 Hydrodynamic pressure during backward walking
Publication V investigated the characteristics of forward and backward aquatic walking.As introduced in Section 4.4, five healthy young women were asked to walk ten timesforward and backward in and outside a rehabilitation swimming pool. The tasks wereperformed while wearing three PIMUs on the right lower limb, as described in Section3.2. The first two complete gait cycles of the right leg were considered, obtaining 100hydrodyamic time series per PIMU location.The mean and standard deviation envelopes of the hydrodynamic pressure for the lo-cation of the three sensors are reported in Figure 5.3 for forward and backward walking.The hydrodynamic pressure of the thigh sensor during backward walking does not exhibitthe two distinct curves observed during forward walking in Figure 5.3 (around 60% and

(a) Forward walking. (b) Backward walking.

Figure 5.3: Mean and standard deviation envelope (shaded regions) of the hydrodynamic pressure
over the gait cycle during Forward and Backward walking.

Thigh Shank Foot
Median (Q1, Q3) IQR Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Forwardwalking
ROP [mbar] 8.48 (6.71, 10.76) 4.05 18.8 (14.02, 25.03) 11.01 25.37 (19.32, 39.84) 20.52Max pressure [mbar] 2.91 (2.20, 3.64) 1.44 2.73 (1.96, 4.49) 2.53 1.98 (1.38, 3.06) 1.68Min pressure [mbar] -5.70 (-7.46, -3.63) 3.83 -15.53 (-20.47, -11.57) 8.90 -24.20 (-37.03, -17.97) 19.06CV [%] 155.93 105.24 82.43CVz [%] 63.64 13.56 5.71

Backwardwalking
ROP [mbar] 7.74 (4.58, 10.22) 5.64 20.43 (14.29, 26.55) 12.26 28.22 (21.30, 36.88) 15.58Max pressure [mbar] 1.96 (1.45, 2.58) 1.13 2.27 (1.67, 2.81) 1.14 1.37 (1.00, 1.75) 0.75Min pressure [mbar] -6.01 (-8.01, -2.67) 5.34 -17.56 (-23.99, -12.44) 11.55 -27.13 (-35.06, -20.01) 15.05CV [%] 163.80 114.43 81.23CVz [%] 67.66 14.11 5.00

Table 5.2: Hydrodynamic pressure parameters of underwater forward and backward walking, re-
ported as the median, first (Q1), third (Q3) quartiles in parenthesis and interquartile ranges (IQR) of
the Range of Pressure (ROP), maximal and minimal pressure, and coefficient of variation (CV and
CVz ).
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80% of gait). The hydrodynamic pressure on the shank started to decrease around 50%of the gait cycle for FW, while for BW this decrease occurred around 60% of the stride,probably for the longer stance phase observed. Finally, the pressure on the foot does notshow major differences between FW and BW. Table 5.2 summarizes the pressure param-eters estimated for forward and backward walking. The median ROP decreased in BW forthe thigh, but increased in bothmedian and IQR for the shank and foot. Bothmaximal andminimal pressure were reduced during backward walking, while CV and CVz increased forthe thigh and shank and decreased for the foot.
5.4 Conclusions on RO4
Provided the high variability inwater of traditional gait analysis parameters,RO4proposedand investigated the use of pressure sensors for the characterization of aquatic walking.Wearable PIMUs were used to describe the interaction between water and the body inmotion in an unprecedented way. Unlike previous studies that relied on methodologiesand parameters designed for terrestrial assessments, this work introduces a parameterspecifically tailored to the underwater environment. The unique characteristics of waterare therefore considered and their effects on the body in motion.The hydrodynamic pressure exerted on the moving body during underwater locomo-tion was investigated at three locations of the lower limb (thigh, shank, and foot). Datawere processed similarly to knee angle estimates, involving z-score normalization to ac-count for height variations amoung the human test subjects. Publication III pointed outinteresting features of hydrodynamic pressure during the gait cycle, with peculiar timeseries sequences, especially at the thigh. The z-scored Coefficient of Variation of pressureand knee joint angle were compared, observing that CVz of the hydrodynamic pressureat the foot (39.65%) was comparable to the one observed for the knee on land (31.20%).These results imply that foot hydrodynamic pressure might serve as a less variable pa-rameter for evaluating underwater walking gait compared to knee angle that reported inwater a CVz of 67.69%.A preliminary pilot studymeasured the hydrodynamic pressure on the lower limb dur-ing forward and backward locomotion. Differences were observed between tasks and,while the small number of subjects involved does not allow for comprehensive state-ments, the smaller CVz at the foot suggested a more controlled movement during back-ward walking. These results could be justified by the fact that when walking backwardsin water subjects are more dependent on buoyancy force at the pelvis level, allowing formore controlled foot placement and greater thighmotion (higher CVz). The hydrodynamicpressure CVz during backwardwalking were also significantly smaller than those observedin Publication III, possibly because of the reduced number of subjects involved and of theconsideration of the first two gait cycles, rather than relying on only one step per repeti-tion.The PIMU sensors were placed on the lower limb following the Outwalk protocol inboth studies. This positioning provided hydrodynamic pressure data specifically for thelateral part of the leg. Although this approach restricts the comprehension of the overallinteraction between the lower limb and the surrounding fluid, it enables a more accuratecomparison with the CVz of the knee angle. However, it is still unknown if there are moreappropriate locations for evaluating the hydrodynamic pressure.The proposed device and method enhance our understanding of how the existenceof water influences the walking gait in water. It is recommended to utilize hydrodynamicpressure as ameasurement in order to obtain a thorough understanding of the interactionbetween the human test subject and the water environment.
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6 Conclusions and future outlook
This dissertation achieved the objective of developing, validating and testing a novelwear-
able technology for the assessment of aquaticmotion. Fourmain research objectivesweredefined and addressed, providing significant contributions to the field and to the state ofthe art. The systematic literature review (RO1), provided a much-needed up-to-date as-sessment on the state ofwearable aquaticmotion analysis research. Focusing onmethodsfor monitoring aquatic exercise and on the use of wearable IMU-based devices, four re-search gapswere identified, providing a foundation for future studies to improvemonitor-ingmethods and parameters. The core deficiency highlightedwas the lack of versatile andreproducible methods and parameters developed specifically for underwater monitoring.This was addressed through the three subsequent research objectives in this dissertationby developing and validating (RO2) a novel technology for aquatic assessment, testing itunderwater (RO3), and developing, testing and validating the hydrodynamic pressure onthe lower limbs as a new parameter for aquatic motion analysis and gait characterization(RO4).

The proposed technology used custom-designed loggers suitable for motion analysisboth on land and underwater. These small and lightweight loggers encompass the hard-ware requirements for use underwater. They are safe, simple to attach to the body andcause as little discomfort as possible to movement. The devices incorporate an inertialmeasurement unit and a pressure sensor and were validated for gait analysis in both en-vironments (RO2). This sets the research apart from existing commercial sensors, whichare often unsuitable for aquatic use and comewith limited versatility and trustworthiness,due to proprietary processing algorithms. The Outwalk protocol was modified to focus onknee joint kinematics and gait temporal parameters, allowing for a comprehensive as-sessment of locomotion on land and underwater. The integration of Gaussian Process Re-gression further improved the accuracy of knee angle estimates. Validation against goldstandard systems for motion analysis demonstrated the prototype PIMU system’s highversatility and reliability. PIMU loggers were also used in a clinical-sized investigation tocharacterize aquatic locomotion (RO3). This addressed the lack of structured clinical pro-cedures for aquatic motion analysis. The modified Outwalk protocol and the custom dataprocessing algorithms facilitated fast and accurate gait analysis. An exploratory study onaquatic backward gait analysis through wearable IMU was also carried out. In all casesinvestigated, thekinematic parameters displayed greater variability in water than on land,exhibiting larger uncertainties and overall lower task repeatability. Finally, the use of hy-drodynamic pressure as new parameter for evaluating the walking gait in the water en-vironment (RO4) was explored. This innovative parameter is well-suited for the aquaticenvironment and provides insight into howwater influences bodymovement. The resultshighlighted unique characteristics of the hydrodynamic pressure on the thigh, shank andfoot throughout the gait, providing a detailed description of the interaction between thebody in motion and the surrounding fluid.
It is crucial to acknowledge the limitations of the investigations carried out in thiswork,both in terms of the protocol used and the methods adopted. The number of subjects in-volved, especially in the proof-of-concept study and in the pilot study onbackwardwalkingwere insufficient for a comprehensive generalization of the findings. Although the num-ber of subjects was sufficient for the preliminary nature of these analyses, only healthyyoung adults were involved, and therefore a large question remains as to the suitabilityof the technology and protocol for pathological populations. Similarly, the walking gaitcycle was the focal task of this work, and the transferability of the proposed technologyand processing algorithms to other locomotive activities remains to be tested. Due to en-
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vironmental constraints, a pool with fixed depth was used, reducing the understanding ofaquatic gait kinematics and of the effects of hydrodynamic pressure at different submer-sion depths. Another limitation of this work was the choice to equip only the right legwith sensors during study to limit the amount of data processing. This restricted the anal-ysis to a single limb, where a more comprehensive understanding of aquatic locomotion,bilateral movement, and symmetry patterns require follow-up studies including sensorsapplied to the whole body. The algorithms and processing methods adopted may alsohave influenced the accuracy and applicability of the developed technology. By focusingon a few well-established parameters, the investigation of the knee joint was primarilyplanar, neglecting the incidence of mediolateral 3D components. Therefore, the broaderspectrum of potential kinematics gait parameters influenced by the presence of water re-mains unexplored. Finally, it should bementioned that the studies carried out in this workdid not evaluate measures related to subjective experiences, such as fatigue, adaptationto the task and general comfort.To broaden the applicability of the PIMU technology, future studies should considerexploring a variety of aquatic exercises beyondwalking and extending to pathological pop-ulations. Understanding how the technology performs across different activities and con-ditions, such as squat, lunges, leg lifts, and aqua-cycling, which will further serve to en-hance its versatility. Additionally, investigating how individuals with specific conditionsor impairments interact with water, such as elderly, post-stroke, and Parkinson’s patients,could open newpossibilities for therapeutic interventions. Incorporating qualitative ques-tionnaires along with the proposedmethodology could provide insight into the subjectiveexperiences and perceptions of individuals engaging in aquatic activities, offering a moreholistic understanding. While alternative processing techniques and algorithms could en-hance the robustness of the assessment system, prospective research should delve intoa more detailed characterization of water forces. Distinguishing between resistance com-ponents (pressure and drag) and buoyancy represents a crucial avenue for refinement.This nuanced understanding will contribute to refining the assessment of aquatic motion.This work contributed to the field of aquatic locomotion by proposing, validating, andcritically discussing the application of the proposed PIMU technology. It did so by system-atically addressing gaps identified in the literature. The customized PIMU sensors werevalidated against gold standard methods on land and underwater and were evaluated inclinical investigations. Kinematic gait characteristics and differences between aquatic andoverground motion were given special attention. Finally, the validation of the hydrody-namic pressure provides a new parameter for aquatic motion analysis by incorporatingand characterize fluid-body interaction over the gait cycle. The contributions of this workthus enable a new, versatile and comprehensive wearable technology for aquatic motionassessment.
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Abstract
Objective: To review methods for aquatic exercise monitoring using wearables.

Data sources: Database search of PubMed, IEEEXplore, Scopus and Web of Science based on keywords,

considering articles from the year 2000. The last search was performed on 26 October 2022.

Review methods: Following the Preferred Reporting Items for Systematic Review and Meta-Analyses

(PRISMA) protocol, eligible articles on water exercises were selected and summarized. Further screening

process concentrated on studies exploiting wearable devices, organized according to demographics, pur-

pose, protocols, outcomes and methods. A custom critical appraisal questionnaire was applied.

Results: Out of the 1062 articles identified, 572 were considered eligible and subjected to preliminary syn-

thesis. The final review focused on 27 articles featuring wearable devices applied to aquatic exercises. Four

studies were disregarded as they applied wearable devices to determine daily physical activity or for sleep

monitoring after training. Summary tables of 23 studies exploiting wearable devices for underwater motion

analysis are provided, specifying the investigated parameters, major outcomes and study quality. This review

identified four research gaps: (a) the absence of clinical protocols for underwater motion studies, (b) a deficit

of whole-body studies, (c) the lack of longitudinal studies monitored via wearable devices and (d) the reliance

of underwater studies on measurement and assessment methods developed for land-based investigations.

Conclusions: This review emphasizes the need for both technological and methodological improvements

for underwater motion analysis studies using wearables. We advocate for longitudinal clinical investigations

with wearables to substantiate water exercise as an addition or replacement for land-based physical activity.
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Introduction

Aquatic exercises andhydrotherapy are especiallywell
suited where traditional land-based physical therapies
are known to be potentially harmful,1 due to the
weight-reducing and stabilizing forces of buoyancy
and drag that water provides.2 Systematic reviews of
aquatic motion analysis have focused on specific dys-
functions or conditions, such as neurological dis-
eases,1,2 fibromyalgia,3 asthma,4 spinal cord injury,5,6

haemophilia7 and stroke8–10. Additional reviews have
also investigated the physiological effects of water,11

evaluated the use of aquatic exercise for healthy sub-
jects12,13 and for glycaemia14 and studied the biophys-
ical differences between aquatic and land-based
treatments.15 The presence of water generally con-
strains the application of classical investigative tools
formotionanalysis, includingmotioncapture andelec-
tromyography.16,17 Currently, systematic investiga-
tions of underwater motion remain scarce: two
reviews explored the literature on surface electromyo-
graphy for exercises and gait in water, and for deep
water running,18,19 while Heywood et al.20 focused
on spatiotemporal and kinematic parameters in water.
Lastly, Marinho et al.21 surveyed the use of wearable
Inertial Measurement Units (IMUs) for underwater
human monitoring for non-swimming activities.

The objective of this review is to identify major
research gaps and determine potential improvements
for future clinical studies by addressing two research
questions. First, what are the most frequently applied
methods for aquatic motion analysis over the past two
decades? Second, what major gaps remain when con-
sidering the existing body of literature using IMU
wearable devices for monitoring of underwater exer-
cises, and what can be done to improve the under-
standing of aquatic motion analysis?

The current review provides a systematic assessment
of the state of the art of aquatic exercises and hydrother-
apy studies, following the Preferred Reporting Items for
Systematic Review and Meta-Analyses22 (PRISMA)
method.

Methods

The review protocol was registered in the international
database PROSPERO (CRD42022316782).

The selected literature repositories were searched
using specific keywords and considering only peer-
reviewed articles published from 2000 onward. The
final search was performed on 26 October 2022 by
two independent reviewers.

The identification of candidate English-language
literature was performed on PubMed, IEEE Xplore,
Web of Science and Scopus databases. The complete
list of keywords and filters applied is reported in
Appendix (Table A1), as well as the number of arti-
cles selected per database. Due to the large number
of potentially significant studies, the terms under-
water, water and aquatic were used to refine the
field of interest. The keyword combinations used
for screening concerned general exercise terms
including rehabilitation, training, hydrotherapy and
kinematic. In addition, the exercise-specific keywords
treadmill, gait and walk were included to improve the
specificity of the filtering stage of the review. The
keywords IMU, electromyography, motion capture,
force plate and wearable devices were also included
as they represent the most current aquatic exercise
monitoring methods.

Potentially relevant articles and additional arti-
cles identified through citation searching were
screened following PRISMA after removing dupli-
cates (Figure 1). To reduce errors and avoid risk of
bias, the identified articles were filtered, sorted,
examined and evaluated by two independent
authors. Based on the title and abstract, articles
outside the scope of the research questions,
review articles, publications featuring animals or
robots, book chapters and theses, discussion arti-
cles and editorials unrelated to aquatic exercises
were excluded. Subsequently, further works were
omitted which were unrelated to active hydrother-
apy including shower massages, spa therapies or
passive water immersion, swimming, diving or
other recreational water sports. In addition, articles
developing mathematical models, works which
provided guidelines for clinical study designs,
physical activities surveys or publications testing
novel waterproofing methodologies and tools
were also excluded. A preliminary synthesis was con-
ducted on the remaining eligible articles. The synthe-
sis was used to define the state of the art, organize the
studies by publication year, demographics, general
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characteristics and the methods used to investigate
motion.

Finally, PRISMA stage was considered solely
the eligible articles exploiting wearable devices.
A qualitative synthesis of works using wearable
technologies for underwater motion analysis was
conducted because a meta-analysis was considered
inappropriate due to the substantial heterogeneity
of the remaining studies. Articles using wearable
devices to quantify daily physical activity or for
sleep monitoring were disregarded from the quali-
tative synthesis.

An overview of the demographics and characteris-
tics of the investigation, choice of protocol, evaluation
method and estimated outcomes was generated. A
custom critical appraisal questionnaire of the studies
was created based on STROBE,23 CASP24 and
McMaster25 assessment tools. The custom question-
naire consists of nineteen questions and is provided
in Table A2. Articles were evaluated according to
positive, negative, partial answer or not applicability
of the inquiry.

Results

Preliminary synthesis of the eligible articles

After removing duplicates, a total of 1062 poten-
tially relevant articles were identified and filtered
producing 572 eligible articles (Figure 1). In the
period ranging from 2000 to 2010, 142 (25%) arti-
cles were published on water exercise and from the
years 2011 to 2022, 430 (75%) articles were iden-
tified, indicating a growing interest of researchers
and clinicians in aquatic activities.

Examining the structure of the eligible studies,
333 (58%) works analysed the whole rehabilitation
cycle over multiple weeks to evaluate the effect of
the long-term protocols through pre/post compari-
son. The remaining 239 (42%) studies investigated
the subjects once, and generally presented results
based on 5–10 repetitions of the investigated task
to estimate the differences between water and land-
based exercises.

Slightly more than half of the eligible articles
(293, 51%) involved healthy subjects. The remain-
ing 279 focused on patients with disorders and

chronic conditions, 20 of which included a
healthy control group. The most common condi-
tions investigated were neurological impairments
(100) including Parkinson’s disease, stroke, mul-
tiple sclerosis, incomplete spinal cord injury and
intellectual disabilities. The second most common
conditions pain-related disorders including arth-
ritis, osteoporosis, fibromyalgia and non-specific
back pain (75). A total of 39 studies considered car-
diovascular or respiratory diseases. Twenty articles
involved children and 16 considered orthopaedic
conditions. The remaining 29 works focused the
investigation on various pathologies and conditions
as diabetes, obesity and pregnancy.

The outcomes of water activities were monitored
in 318 of the 572 eligible studies with quantitative
methods. Among them, 88 works exploited two or
more of these tools. The most common methodology
exploited was the dynamometer (94), which was
applied to estimate strength and muscular endurance.
Force plates and pressure sensors were used in 88
studies to investigate the dynamic component of
motion as ground reaction forces or to evaluate
balance ability and proprioception. Kinematics
were investigated with motion capture in 84 articles
using optoelectronic26 systems based on infrared
cameras or video analysis using standard commercial
cameras and smartphones. Electromyography was
used in 81 articles to record the electric signals gen-
erated by muscle contraction via surface or intramus-
cular electrodes. A total of 34 studies exploited
goniometers to measure joints’ range of motion, 27
articles used IMU devices to investigate motion
using small, lightweight data loggers outfitted with
a combination of triaxial accelerometer, gyroscope
and magnetometer sensors. The remaining set of 13
studies made use of other highly customised technolo-
gies. The most common combinations of monitoring
systems were motion capture and electromyography
(17) or force plates (10) or both (6). Wearables were
used in combination with motion capture, force
plates and electromyography in 12 studies.

The other main category of techniques employed
to monitor aquatic exercises are methods for metabolic
assessments. The most common methods were heart
rate and respiratory gas analysis. Semi-quantitative
and qualitative methods for motion analysis included
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tests, scales and questionnaires, and were focused
towards determining patient conditions, mobility and
the overall effectiveness of water-based therapies.
Furthermore, these methods can be categorized into
seven distinct groups: (a) functional tests of motion-
related, kinematic and muscular evaluations for gait
specific tests, balance and postural control, exercise-
specific parameters, mobility tests and muscular para-
meters; (b) metabolic tests based on cardiovascular,
cardiorespiratory and/or ventilatory observations; (c)
pain assessment; (d) rates of perceived exertion and
fatigue; (e) condition-specific tests and questionnaires;
(f) lifestyle and quality of life tests, mental health tests
and / or physical activity level; (g) patient self-
evaluation and other related tests. Of the 572 eligible
articles, 447 (78%) utilized semi-quantitative and
qualitative methods while 193 studies combined quan-
titative analysis with at least one of these 7 groups.

Qualitative summary on wearables for water
motion analysis

Only 27 of 572 eligible articles exploited inertial-
based wearable devices in studies on aquatic phys-
ical activity. The following tables synthesize 23
works in which inertial sensors assessed underwater
motion, four remaining studies were excluded from
the qualitative synthesis as they exploited acceler-
ometers to evaluate the amount of daily physical
activities27,28 and the quality of sleep29,30 of subjects
undergoing hydrotherapy protocols (Figure 1).

Table 1 summarizes the characteristics and
demographics of the included articles, showing that
the majority of studies were published between
2017,31–38 201939–42 and 202043–46 and no articles
were found before 2014. Most of the articles31–
33,35–37,42,44–51 involved healthy adults or elderly sub-
jects,41,43 while the remaining investigated anterior
cruciate ligament injury,34,52 incomplete spinal cord
injury39,40,53 and chronic anterior knee pain.38

Three studies involved a healthy control
group,34,38,39 and one52 exploited previously pub-
lished data of a healthy reference group. The
sample size was typically 10 or more subjects, up
to a maximum of 50, and 4 articles36,38,44,46 had a
balanced gender distribution. One article included

both the validation of the developed system as well
as observational studies in the clinical field and in
sport biomechanics.34 All studies included observa-
tions of motion both on land and underwater, with
the exception of 33,47,50,51 in which only underwater
motion was investigated.

Table 2 outlines the study purpose, experimental
protocols, measured outcomes, wearable technology,
a description of additional methods and major study
outcomes. The 23 analysed articles encompass a
wide variety of study purposes concerningmovement
analysis, compare land and underwater motion or
focus solely onmethodological development and val-
idation. This variety is also reflected in the adopted
protocols, exercises and evaluation metrics. Gait ana-
lysis is performed on dry land and underwater in nine
studies,34,42,43,45–49,51,52 following in four34,43,48,52

cases the Outwalk protocol.54 In all of these works,
as well as in studies evaluating running on a tread-
mill,32,33 the measured outcomes are focused on
temporo-spatial parameters, joint kinematics and
range of motion. In three studies37,38,41 squats, split
squats and single limb squats have been performed
to estimate joint kinematics, range of motion and
asymmetries. In the remaining articles, gait initi-
ation,36,40,53 balance during standing35,39 and counter-
movement jumps50 were included to assess centre of
pressure parameters and ground reaction forces.
Exercise-specific parameters have been estimated
when knee flexion-extension31 and shoulder move-
ments44 were performed. Additionally, linear mixed
models were developed43,48 to approximate the
effects ofwater on the observed kinematic parameters.
Ground reaction forces were quantified by accelerom-
eter data in50 and in two studies, quality and validation
of algorithms were assessed.44,46

Considering wearable methods, 13 studies made
use of IMU sensors (gyroscope, magnetometer and
accelerometer),34,35,36,39–41,43–46,48,49,52 3 used a
sensor with accelerometer and gyroscope37,38,42

and 5 studies applied a stand-alone 3D accelerom-
eter31–33,47,50; lastly, Lee and Han51 explored the
novel use of smartphones for underwater gait ana-
lysis. The number of devices and their positioning
on the subject varied from one to eight, placed
most commonly on the trunk and laterally on the
lower limbs and in one case on the occipital
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region.47 Notably, only one article investigated the
upper limbs.44 The sensor data sampling rates
ranged from 50 Hz to 500 Hz and the waterproofing
methods featured in the studies relied mostly on
external casings and plastic bags.

Taking into account the use of additional quantita-
tive investigation tools, eight studies exploited wear-
able devices only.34,37,38,41–43,48,52,53 Five articles
included motion capture and optoelectronic system
as support,45,46,51 reference32 or as gold standard to
validate the inertial sensors.44,49 Force plates were
used by Marinho-Buzelli et al.35,36,39,40 to estimate

the centre of pressure parameters and sway, and by
Pacini Panebianco et al.46 and Chien et al.50 to deter-
mine ground reaction forces. Lastly, Chien et al.,31

accompanied the accelerometer data with electro-
myography for the investigation ofmuscular contrac-
tion and near-infrared spectroscopy to estimate the
tissue saturation index.

Additional aquatic exercise monitoring methods
included metabolic, cardiovascular and cardiorespira-
tory parameters were investigated using heart rate
monitors31–33,50 and gas analysers.32,47 No studies
were found to include functional or motion-related

Figure 1. Flow diagram of the identification, screening, eligibility and inclusion steps of the Preferred Reporting Items

for Systematic Review and Meta-Analyses (PRISMA) systematic literature review process.
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tests, pain assessment or lifestyle and quality of life
questionnaires.However, the rate of perceived exertion
was evaluated by Chien et al.31 using Borg’s scale and
Marinho-Buzelli et al.39,40performedaclinical examin-
ation on balance and perception via International
Standards for Neurological Classification of Spinal
Cord Injury, Berg’s Balance Scale and Mini-BESTest
and perception interviews.

The critical assessment of the selected articles is
provided in Table A3, and summarizes the answers
to the custom questionnaire (Table A2). The analysed
studies were generally found to be of satisfactory
value, since most of the inquiries were marked as
present or partially answered. Nonetheless, it is
worthnoting that fourquestions receivedmostlynega-
tive answers. The articles did not specify the study
design (question 1), with the exception of two case
series,39,40 a case study52 and a cross-validation
study.47 Similarly, the study participants and inclu-
sion/exclusion criteriawere not clearly justified (ques-
tion9), apart from38which involvedagender-matched
control groupand51 that conducted apower analysis to
justify the number of subjects involved. Additionally,
none of the studies included multiple measurements
over a complete rehabilitation protocol (question 7),
nor did any studies address the management of
missing data (question 15).

Discussion

The synthesis of eligible articles addressed the first
research question of this work, pointing out that the
most frequent methods applied to perform aquatic
motion analysis are dynamometers and force plates,
followed by motion capture. Furthermore, it was pos-
sible to clearly differentiate between two major meth-
odological categories: quantitative methods providing
an objective evaluation of motion and qualitative or
semi-quantitative methods to evaluate the quality of
motion and the effects of water exercise across a
scaled spectrum.

It is important tonote that the current reviewdidnot
distinguish between studies that evaluated motion
underwater, on land or in both environments but con-
sidered all the methods exploited to assess motion in
the context of aquatic exercise. The authors alsoT
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wish to point out the limitations of this systematic
review as the chosen keywords and inclusion criteria
may have excluded some relevant studies. This
review did not consider wearable sensors for swim-
ming monitoring, choosing instead to focus on the
investigation of water exercises. In contrast to
Marinho et al.21 which focused on defining the bene-
fits ofwearable technologies, this review identifies the
research gaps and provides concrete suggestions to
improve future aquatic exercise monitoring studies.

The second research question of this work
focused on identifying major gaps in studies using
wearable devices for monitoring of underwater exer-
cises and making recommendations on how to
improve aquatic motion analysis. Four major
research gaps have been recognized. First, the
absence of clinical protocols for underwater
motion analysis studies. While the quality assess-
ment indicates that the studies are of overall good
quality, a lack of common methodologies renders
the cross-comparison of study findings infeasible.
Each article defined and used a distinctive protocol
exploiting wearable devices, both in terms of
number of sensors used and their placement on the
body. Even when the task executed was similar,
the study objectives, methods and outcomes varied
greatly between studies. Future works may wish to
define clear protocols for underwater wearables
and allow for the quantitative comparison of water
physical activities with increased confidence.

The second major research gap found is the sub-
stantial deficit of whole-body studies via wearable
devices. This restriction is likely due to the technical
difficulty of inertial sensor data analysis, especially
in the water environment where standard methods
do not exist. Focusing on a limited portion of the
body, however, does not allow for the explicit con-
sideration of the effects of drag and buoyancy as
additional forces unique to the water environment.

The lack of longitudinal studies monitored via
wearable devices was identified as the third main
gap. All articles included in the qualitative synthesis
had a maximum of 10 repetitions of the selected
task, performed in one day andmost of them included
only healthy subjects. This may be due to the chal-
lenges associated with organizing repeated measures
with wearable devices, resulting in limited insight

into the influences of water on kinematic features as
well as the effectiveness of long-term hydrotherapy.

The fourth gap identified a need for measurement
and assessment methods specific to aquatic exer-
cises, as studies remain heavily reliant on the use
of land-based methods. When motion capture
systems32,44,45,49 or other sensing modal-
ities31,35,36,39,40,46,50 were used, they were nearly
universally applied for cross-comparison or valid-
ation of a newly proposed method and data were
infrequently related with wearable sensors data.
Only a single study46 combined multiple sensor
data to improve motion assessment. Furthermore,
only seven studies exploited additional methods
for metabolism monitoring. A combined approach
using multiple quantitative methods and the involve-
ment of specific tests and questionnaires may
improve the current interpretation of aquatic exercise
and the effects of the water environment on
kinematics.

The major finding of this review is that there is a
substantial deficit of protocols and wearable moni-
toring methods for aquatic exercises. Specifically,
we advocate for the establishment of common pro-
tocols for wearable sensor placement and whole-
body monitoring during non-recreational aquatic
exercise. Furthermore, we encourage longitudinal
studies which include multiple sensing modalities
to generate a more complete understanding of the
effects of aquatic exercises on kinematic
parameters.

Clinical messages

• There is a lack of clear protocols for the use
of wearable devices in underwater motion
analysis, hindering the cross-comparison
of studies.

• Longitudinal studies monitored via wear-
able devices are necessary to estimate the
effects of long-term aquatic exercises on
kinematic parameters.

• Incorporating wearable sensing technology
into long-term hydrotherapy programmes
may improve monitoring processes and
the cross-comparison of study outcomes.
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Appendix

Table A1. Summary of the literature source databases and corresponding keywords used in this systematic review. For

each database, the number of articles included after screening is provided.

PubMeda
IEEE

Xplore

Web of

Scienceb Scopusb

Underwater OR

water OR aquatic

(rehabilitation OR exercise OR kinematic OR

therapy OR training OR hydrotherapy OR

hydrokinesitherapy) AND (wearable OR sensor)

15 8 28 26

treadmill OR walk OR gait 325c 5c 651 410

wearable 10 4 10 12

IMU OR accelerom* OR inertial 18 3 28 36

EMG OR electromyog* 92 4 93 133

motion capture OR camera 22 4 10d 8d

force plat* 36 0 40 52

dynamom* 24 0 33 40

gonio* 5 1 11 11

Total 547 29 904 728

a

Additional filters: English AND Human.
b

Additional filter: English.
c

Additional keyword run: ((underwater) OR (aquatic) OR (water)) AND ((treadmill) OR (walk) OR (gait) OR (run)).
d

Only motion capture: ((underwater) OR (aquatic) OR (water)) AND (motion capture).
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Table A2. List of questions used in the quality assessment. Questions are based on the STROBE checklist, CASP

appraisal tool and the McMaster Quality assessment instrument.

Topic Q Questions

Characteristic of the articles

Study design 1 Is the study design described with commonly used terms?

Novelty 2 Are the novelty and significance of the articles described in the introduction?

Introduction
Background 3 Are the scientific background and rationale for the investigation reported and properly referred?

Objectives 4 Are the objectives of the study clearly described?

5 Are the research hypotheses or research questions stated?

Method

Setting 6 Are the procedures, settings and locations described? (exercises protocol, environment

characteristics)

7 Is it considered a long-term protocol with repeated measurements over multiple weeks? Are

measures taken pre/post intervention, or only one time?

Participants 8 Are the characteristics of the participants described? (age, gender, status, condition) Are the

inclusion/exclusion criteria expressed?

9 Is the size of the population justified? For matched studies, are matching criteria provided?

Instruments 10 Is the wearable method clearly described? (placement, number of sensors and physical and sensor

characteristics)

11 Is the wearable sensors-based protocol clearly described or referenced? (data extraction and data

processing)

12 Are any additional investigation methods applied? Is the comparison performed with a reference

method? If yes, are they clearly described and referenced?

Variables 13 Are the main investigated features and outcomes clearly described?

Statistics 14 Are the statistical methods used described and justified?

15 Is there a description of the missing data and their management?

Results and Discussion

Results 16 Are the main findings clearly stated? Are the probability and confidence intervals stated? Is the

accuracy of the measure estimated?

Limitations 17 Are the limitations of the study expressed, taking into account sources of potential bias or

imprecision?

Interpretation 18 Are an overall interpretation of results considering objectives, limitations, multiplicity of analyses,

results from similar studies, and other relevant evidences provided?

Significance 19 Are the general validity of the study and significance of the study results for the scientific

community and future studies mentioned?
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Table A3. Methodological quality assessment results following the questions listed in Table A.2: (1–2) Characteristics
of the article, (3–5) Introduction, (6–15) Method and (16–19) Results and Discussion. Possible answers: present (P),

absent (A), partially present (PA) and not applicable (NA).

Article 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Kaneda et al.47 P P P P A P A P A A P P P P A PA P P P

Fantozzi et al.48 A A P P A P A P A P P A P P A P P P P

Cortesi et al.52 P PA P P A PA A P NA P P A P A A P A P A

Chien et al.31 A P P P A P A P A PA A P P PA A P P P P

Macdermid et al.32 A P P P P P A P A P P P P P A P A P A

Macdermid et al.33 A PA P P A P A P A P PA P P PA A P A PA A

Mangia et al.34 A PA P P A P A P A P P A P P A P A P P

Buzelli et al.35 A PA P P P P A PA A P P P P P A P P P P

Buzelli et al.36 A P P P P P A P A P P P P PA A P P P P

Severin et al.37 A PA P P P P A P A P P A P P A P P P PA

Severin et al.38 A P P P P P A P PA P P A P P A P A P P

Buzelli et al.39 P A P PA A P A P NA P P P P PA A P P PA P

Buzelli et al.40 P A P PA A P A P NA P P P P PA A P P PA P

Severin et al.41 A PA P P P P A P A P P A PA P A P P P PA

Souza et al.42 A PA P P A P A A A P P A P A A PA PA PA P

Fantozzi et al.43 A A P P P P A P A P P A P A A P PA P A

Gandolla et al.44 A P P P A P A PA A P P P PA P A P A P P

Kaneda et al.45 A A P P A P A P A P P P PA P A P P P P

Pacini et al.46 A P P P A P A P A P P P P P A P P P P

Monoli et al.49 A P P P P PA A PA A P P P P P A P P P P

Chien et al.50 A P P P A P A P A P P P P P A P P P P

Lee et al.51 A P P P A P A P P P PA P PA PA A P P P PA

Fantozzi et al.53 A PA P P P PA A P A P P A P P A P P P P
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Land and Underwater Gait Analysis
Using Wearable IMU

Cecilia Monoli , Juan Francisco Fuentez-Pérez , Nicola Cau , Paolo Capodaglio ,
Manuela Galli , and Jeffrey A. Tuhtan , Member, IEEE

Abstract—Walking underwater reduces joint impacts,
enhances stability and lowers the net body weight of the
patient during rehabilitation. It is a recent rehabilitation
method and few suitable methods exist to study underwater
gait kinematics. We propose an underwater inertial measure-
ment (IMU) system analogous to those used in land-based
rehabilitation to investigate gait kinematics. The objective of
this study was to test and validate the proposed system in
two human trials by evaluating the knee angle during the gait.
In the first trial, a three-way performance analysis was carried
out between the IMU, optoelectronic and motion-capture sys-
tems in a traditional rehabilitation setting on land. In the sec-
ond trial, the proposed underwater IMU is compared with
camera-based motion-capture both inside and outside the water environment, using the same subjects in both phases of
the trial. This allows for an evaluation of the walking gait in air and underwater as well as a cross-comparisonof IMU-based
knee angle estimates before and after Gaussian Process Regression. The major finding of this work is that the proposed
underwater wearable IMU system provides reliable and repeatable measurements of the knee angle during the gait, both
in air and underwater.

Index Terms— Gait analysis, inertial measurement unit (IMU), kinematics, rehabilitation, underwater, optoelectronic
tracking, motion-capture.

I. INTRODUCTION

WATER provides a nearly ideal environment for physical
rehabilitation. This is due to the additional forces act-

ing on the submerged body, primarily caused by the dynamic
pressure and drag. These hydrodynamic forces reduce the
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net body weight, lower joint loading and provide enhanced
physical support and posture stabilization [1], [2]. Walking
rehabilitation in water, shown in Figure 1, affects the muscular
skeletal system [2], by reducing fatigue and pain, improving
the physical recovery rate as well as joint range of motion.
These effects are clinically evaluated using questionnaires
which provide subjective, qualitative evidence validated by
physiological and metabolic data [3], [4]. Despite the known
benefits of water rehabilitation, the quantification of underwa-
ter kinematics remains a challenging task. The gold standard
optoelectronic systems used for traditional walking gait reha-
bilitation analysis remain ill-suited for the underwater envi-
ronment. Specifically, optoelectronic methods are negatively
impacted by attenuation, refraction and reflection in water,
especially in the lower infrared wavelengths in which most
commercial systems operate.

The quantification of underwater rehabilitation activi-
ties currently rely on submerged force plates [5], [6] or
camera-based motion-capture methods [7], [8]. A limited
number of investigations have implemented underwater inertial
measurement systems, showing promising results [9]–[14].
Force plates and camera-based methods are restricted to fixed
investigation areas. Moreover, force plates do not allow for
the investigation of whole body motion, but only those kine-
matic and dynamic parameters recorded via contact with the
plate. Therefore, underwater wearable Inertial Measurement

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. a) Trial 1, comparison of the optoelectronic, motion-tracking and
IMU systems. b) Trial 2, where the IMU and camera-based systems are
employed on land and underwater. c) The knee angle over the gait for
each of the three systems evaluated (IMU system in red, optoelectronic
system in black and the camera-based system in blue). d) Wearable IMU
sensors on a test subject (white circles), the measured knee angle θ is
shown in red.

Units (IMU) provide a way to overcome these limitations.
IMUs are widely used in the investigation of gait analysis
on land, and are known to provide a suitable accuracy and
reliability for clinical study use [15]–[20]. Our work builds
on the small number of previous underwater studies [9], [10]
which used the Outwalk protocol [21] for the investigation
thorax-pelvis and lower limb kinematics using IMUs. This
protocol is efficient for clinical studies and follows a simple
calibration procedure.

The aim of this work is to develop and validate a method
to monitor underwater human gait kinematics using wearable
IMU sensors. In contrast with previous works, the devices
exploited in this study have been specially developed for air
and underwater body-mounted kinematic measurements. The
sensors do not require an additional casing for clinical appli-
cation, and both power and data storage are self-contained,
eliminating the need for cables.

To the best of the authors’ knowledge, this work is also
the first to conduct a multi-method performance comparison
for wearable IMUs, both in air and underwater. Specifically,
the IMU measurements are compared with optoelectronic (air
only) and motion-capture systems (air and water). Both of
these systems represent the current gold standard for the kine-
matic analysis of the walking gait for rehabilitation exercises.

Our hypothesis is that the proposed wearable IMUs are
able to evaluate underwater human gait kinematics as well as
conventional land-based methods. If successful, these devices
could provide a reliable methodology to monitor underwater
rehabilitation, overcoming the technological gaps facing exist-
ing optoelectronic and motion-tracking methods.

The two major objectives of this study are: 1) Test and
validate the knee angle measurement performance of the
proposed underwater wearable IMU and assess its reliabil-
ity and repeatability. 2) Evaluate the effect of the water

TABLE I
SUMMARY OF THE TWO TRIALS AND CORRESPONDING MEASUREMENT

SYSTEMS: INERTIAL (IMU), OPTOELECTRONIC (OPTO) OR

CAMERA-BASED MOTION-TRACKING (CAMERA), THE

NUMBER OF INDIVIDUALS (SUBJECTS) AND NUMBER

OF REPETITIONS (REP) FOR EACH TRIAL

environment on IMU gait analysis performance. To address
these objectives, two trials were carried out. In the first
trial, the performance of the IMU system is compared with
both optoelectronic and motion-capture systems in a classical
land-based rehabilitation environment. In the second trial,
the inertial system is compared to the motion-capture system
both on land and underwater to investigate how fluid-body
interactions affect the measurement. As a final step, Gaussian
Process Regression (GPR) was applied to improve the IMU
knee angle estimation during the gait and compared with the
optoelectronic and camera-based motion-capture system.

II. METHOD

In this study, the cross-comparison of methods is based on
human gait kinematics, which represent a highly repeatable
pattern of movement [22]. Walking does not require any spe-
cific skill and it is commonly used as a rehabilitation exercise
[23], [24]. The knee angle during the gait cycle is used as the
evaluation metric for cross-comparison in two different trials
conducted in air and underwater, as illustrated in Figure 1.
A summary of the two different trials is provided in Table I.
This study also includes three simplifying assumptions. First,
it is assumed that the gait pattern of each test subject is equally
repeated. We therefore neglect the effects of fatigue and
psychological state. When comparing gaits between different
individuals, it is acknowledged that the general behaviour and
pattern is maintained. However, each singular gait cycle is a
unique event, and there will always remain some differences
between any cycles [25]. Second, we presuppose that the
commercial optoelectronic system used in this work represents
the most accurate method to record human gait kinematics.
Finally, in both experimental trials we consider the knee angle
as predominantly planar, ignoring lateral variations of the
body motion. This approximation is needed to cross-compare
the motion-capture system with the IMU and optoelectronic
methods.

A. Protocol
The same protocol was adopted for all experimental trials,

as illustrated in Figure 1. The IMU sensors were placed
on the right lower limb of the subjects. A two-pose static
calibration similar to [26] was performed before beginning the
gait evaluation. Each subject was asked to stand upright (pose
one) and then lift their right leg, in hip flexion with the knee
flexed to a comfortable angle (pose two) for at least 5 seconds.
Afterwards, the subjects were asked to walk along a straight
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Fig. 2. Breakdown of the wearable IMU logger applied in this work to
estimate the knee angle during the walking gait on land and underwater.

line while wearing the IMU and were simultaneously recorded
by the optoelectronic and / or motion-capture system.

Trial 1: IMU, Optoelectronic and Motion-Capture
(Figure 1 a) this experiment was conducted only on land
at Clinical Lab for Gait Analysis and Posture of the
Auxological Center of Piancavallo (Italian Auxological
Institute, IRCCS, Piancavallo hospital, Italy) in order
to provide a performance comparison between all three
monitoring systems: optoelectronic (OPTO), camera-based
(CAMERA) and IMU.

Trial 2: IMU and Motion-Capture (Figure 1 b) this study
was conducted on land at the Tallinn University of Technology,
(Tallinn, Estonia) and underwater in the indoor swimming pool
at the Keila Health Center (Keila, Estonia). The IMU sensors
and camera system used in this trial were identical in both
environments, and the camera-based motion-tracking system
was considered as the ground truth.

B. Motion Tracking Systems
1) Inertial Measurement Unit: The proposed IMU-based

method uses two waterproof sensors which record the absolute
orientation using an attitude and heading reference sys-
tem (AHRS) where gravity is the vertical axis and the horizon-
tal axes are defined as orthogonal to the Earth’s local magnetic
field. A schematic breakdown of the device is show in Figure 2
including the external dimensions and component locations,
while the technical characteristics of the IMU provided in
Table II. To evaluate the knee angle, sensors were taped on
each subject’s shank and outer thigh, located at the approxi-
mate height of the center of mass [25] as shown in Figure 1 d.

2) Optoelectronic Tracking: A commercial optoelectronic
system was used in Trial 1, consisting of 6 infrared cameras
(Vicon-460, Oxford Metrics Ltd) with a frame rate of 100 Hz.
Before analysis, each subject was outfitted with passive plastic
sphere markers covered by a reflective varnish. The sphere
locations were chosen according to the anatomical reference
points following the Davis protocol [27] determined from

TABLE II
TECHNICAL CHARACTERISTICS OF THE WEARABLE WATERPROOF

IMU LOGGER USED IN THIS WORK

anthropometric measurements of each test subject. The mea-
surements used in this study included the subject’s height,
weight, tibial length and diameter of the knee [28]. During gait
analysis, the infrared cameras identify and track the position of
each marker, recording their coordinates in three dimensions.
The coordinates and anthropometric measurements provide a
three-dimensional reconstruction of motion within a volume
of interest. Finally, a model of the subject’s measured body
segments is created which includes key kinematic parameters
such as joint angles, velocities and accelerations. In this work,
the optoelectronic measurements serve as the gold standard for
the land-based kinematic evaluation. Previous investigation has
shown that they have an accuracy of 63±5μm and a precision
of 15μm [29].

3) Motion-Tracking: Motion-tracking for both trials made
use of two different cameras: ASUS ZenFone 3 (ZC520TL,
13 MP, autofocus, 30 fps) for Trial 1 and Sony Alpha A5000
(20MP, continuous autofocus, 25 fps) for Trial 2. In both trials,
the camera was oriented to record imagery orthogonal to the
gait direction at a fixed height of 0.8 m from the ground. The
focal distance between camera and the subjects was 2.8 m
for Trial 1, 2.9 m for the Trial 2 land-based experiments and
4.3 m for the underwater experiments. It is worth noting that
the required focal distance for Trial 2 is noticeably larger in
water due to the refractive index of water being some 33%
higher in water than in air.

C. Data Processing
As the motion-tracking system is only able to investigate the

planar knee angle, it was necessary to restrict our comparison
to the planar angle for the optoelectronic and IMU assessment
as well. A graphical depiction of the resulting knee angle for
all three methods is shown in Figure 3, and the data processing
workflow to obtain the knee angle for all three systems is
provided in Figure 4.

The preliminary analysis of all systems included anthro-
pometric measurements (length of the lower limb segments)
in order to establish the location of the wearable sensors.
We followed the Davis protocol [27] for the optoelectronic
marker placement. The motion-capture system required an
additional camera calibration using the MATLAB camera cali-
bration toolbox [30]. For each test execution the subjects were
asked to perform the static two-pose calibration, followed by
the gait, and initiated by the leg carrying the sensors.

The raw datasets were then post-processed as follows to
obtain the knee angle during the gait:



MONOLI et al.: LAND AND UNDERWATER GAIT ANALYSIS USING WEARABLE IMU 11195

Fig. 3. Example of the knee angle during the gait as estimated by
the IMU (red line) and compared with two gold standard references:
motion-tracking (CAMERA, gray line) and optoelectronic (OPTO, black
line). A Gaussian Process Regression (blue line) model was fitted based
on the IMU knee angle as the predictor variable. The horizontal axis
indicates the degree of completion of the gait cycle (%), and the vertical
axis shows the knee angle (◦).

• Each of the IMU sensors saved a comma delimited ASCII
.txt file containing a n x 8 matrix, where the n row-wise
entries were the timestamp (ms), accelerometer readings
(x,y and z m/s2) and absolute orientation (quaternions).
The knee angle in each direction was calculated using
a custom MATLAB script (version R2018a, Mathworks
Inc., USA) using the following equation:

K neei (t) = tan−1
(∥∥∥V 1

i (t) × V 2
i (t)

∥∥∥ , V 1
i (t) · V 2

i (t)
)

(1)

where K neei (t) is the knee angle in the axis of interest
i (x,y,z) at each time stamp, t . It is calculated using the
four-quadrant inverse tangent (tan−1) between the cross
product and the dot product of the rotated vectors of the
two sensors along the axis V a

i ; where i denotes the body
frame axis of interest and a (1 or 2) is the index of the
two sensors [31].

• The knee angle calculated from the commercial opto-
electronic system was measured using the Plug-in Gait
body model [32]. In this model the joint kinematics are
obtained by combining marker positions with anthropo-
metric measurements. The angles are expressed in the
three anatomical planes, and the knee flexion angle is
evaluated as the relative angle between the thigh and
shank, keeping the pelvis as a mobile reference frame.
Since the angle during the walking gait occurs mainly in
one plane, the sagittal component of the knee has been
used for this work. The optoelectronic system recorded
a .c3d file, following the 3D Biomechanics Data Stan-
dard [33]. The knee angle was exported using Mokka
software (3D Motion Kinematic & Kinetic analyzer,
Version 0.6.2, Biomechanical ToolKit).

• The videos of each trial, collected by the camera-based
system, were analysed using Kinovea (version 0.8.26)
[34] to obtain the knee angle. For Trial 1, optoelectronic
markers were tracked, while for Trial 2, circular black
and yellow markers were used. After tracking the angle
during the gait, a two-column .txt file was exported, with

n row-wise timestamps (ms) in the first column and the
corresponding knee angle (radiant) in the second column.

D. Gaussian Process Regression, GPR
In order to improve the IMU-based knee angle estimates

(predictor variable), we applied Gaussian Process Regres-
sion (GPR) with 10-fold cross-validation using the opto-
electronic and camera-based observations (target variable).
This approach was chosen as it has been shown to be a
robust, nonparametric method for both human and robotic gait
analysis [35]. In this work, the Matern 5/2 kernel (covariance
function) was chosen because it was found to exhibit the best
performance (Root Mean Squared Error) when compared to
the squared exponential, exponential, Matern 3/2 and ratio-
nal quadratic kernels. The Matern 5/2 covariance function
k(xi , x j ) for latent variables f (xi), f (x j ) having a Euclidean
distance between them, r is defined as:

k(xi , x j ) = σ f
2

(
1 +

√
5r

σl
+ 5r2

3σ 2
l

)
ex p

(
−

√
5r

σl

)
(2)

where σ f = 0.8568 was the empirically-derived standard
deviation of the IMU-derived knee angle during the gait, and
σl = 2.2084 was the characteristic length scale. To provide
a parsimonious model and avoid overfitting, data from all
subjects from Trials 1 and 2, including both gold standard
methods were concatenated into a single data set (‘ensemble’)
of m = 20,514 knee angle estimates, on land and underwater,
in order to develop a single GPR model.

Before performing GPR, the predictor and target data were
normalized by subtracting the ensemble means and dividing by
the ensemble standard deviations. The predictor variable (knee
angle at each time step) was then converted to a time-shifted
vector of length n = 40 lags. This length was chosen as
it represented the mean (all subjects, all trials) of the knee
angle autocorrelation zero crossing. The use of a time-shifted
predictor vector of size (m − n) × n to improve regression
performance was motivated by recent advances in data-driven
modelling using Dynamic Mode Decomposition [36].

E. Data Analysis
To investigate the reliability of the proposed IMU system,

MATLAB was used to synchronise and resample the data in
order to have all the measurements at 100Hz.

Initially, the maximum flexion angle was evaluated by com-
paring the measurements made by each of the methods in the
air or water environments. Subsequently, a statistical analysis
was conducted using XLSTAT (version 2019.2, Alladinsoft,
France), a statistical add-in software for Microsoft Excel.
The statistical cross-comparison in this work was based on
root mean squared error, correlation, Bland Altman plots and
coefficient of variation. This juxtaposition was required to
test our hypothesis that the proposed IMU system is able to
measure the knee angle during the gait as effectively as the
optoelectronic and motion-tracking methods.

1) Root Mean Squared Error: To determine the error between
the measurements, the Root Mean Squared Error (RMSE) was
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Fig. 4. Workflow of the methods used to evaluate the knee angle along a walking gait on land and underwater. The three main steps for all
three sensor systems are preliminary analysis, test execution and post-processing. The IMU-based estimate of the knee angle was trained on
optoelectronic and motion-capture knee angle calculations using Gaussian Process Regression in the final step.

evaluated using the following equation:

RM SE =
√√√√

n∑

i=1

(ŷi − yi )2

n
(3)

where ŷi are the predicted values, yi are the observed values
and n is the sample size.

The RMSE values were used to assess the differences
between pairs of measurement methods tested in this work.

2) Correlation: The statistical cross-comparison of knee
angle during the gait between the proposed IMU, optoelec-
tronic and motion-tracking methods were investigated using
a one-way analysis of variance (ANOVA) using Pearson’s
product-moment correlation coefficient as the performance
metric:

r =
∑n

i=1(xi − x̄)(yi − ȳ)√∑n
i=1(xi − x̄)2 · ∑n

i=1(yi − ȳ)2
(4)

where n is the sample size, xi and yi are the sample points at
time i , x̄ and ȳ are the sample means.

A correlation coefficient value, r> 0.8 is considered to be
suitable for clinical trial use, and a r<0.5 is considered to
be too poor for practical use in rehabilitation studies. For all
trials, comparisons were made using a significance level of
α = .05.

3) Bland Altman Plot: As shown in Figure 5, Bland Altman
plots are a graphical method used to evaluate the agreement
between measurements made with two different systems.
It provides an efficient and quantitative evaluation of a new
method compared with a gold standard when investigating the
same phenomena [37]. Specifically, Bland Altman plots are a
type of dispersion diagram where the abscissa and ordinate
illustrate the synthesis of the measurements. Considering the
investigation methods 1 and 2, and i indicating the time
step; the arithmetic average of the measurements ((x1i+x2i )/2)
is reported on the horizontal axis, while on the vertical
axis is shown the measurement difference between methods

Fig. 5. Example of a Bland Altman plot exhibiting all 6 repetitions from
Subject 1 (gray points). A single gait cycle is selected for emphasis
(black points). For each time step i, the mean of the measurements
(IMUi+OPTOi)/2 is shown on the horizontal axis, and the difference
between measurements (IMUi-OPTOi) on the vertical axis. The black
line is the bias, and the dashed lines indicate the confidence interval
(taken as the bias ±1.96σ).

(x1i − x2i ). In addition, the graph commonly displays the bias
as the average of the differences (b̄ = (

∑n
i=1 di )/n) as well as the

95% confidence interval (evaluated as bias ± 1.96σ ), σ being
the standard deviation of the differences between methods.
A significant, systematic error occurs when a nonzero bias is
found outside of the confidence interval.

4) Coefficient of Variation: The Coefficient of Variation
(CV), was calculated in this work based on the phase average
of gaits for each test subject [25]. The coefficient represents
the inter- and intra-subject variability of the knee angle over
the observed walking gait for repeated trials.

To calculate the CV, a stride period was defined as the
time from an initial contact of right foot to the end of the
gait cycle. The stride period was then divided into equal
intervals (e.g. 2%, 5%), and the mean value of multiple
strides (ensemble) was calculated at each interval, as well as its
standard deviation. The coefficient of variation was evaluated
based on the ensemble of repeated gait cycles for each test
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subject, applying the following equation:

CV =
√

1
N

∑N
i=1 σ 2

i

1
N

∑N
i=1 |Xi |

(5)

where N is the number of intervals over the stride, |Xi | is the
mean value of the knee angle at the i-th interval and σi is the
standard deviation of X .

Although the general motion pattern is maintained during
the gait, each gait cycle is specific and different for every
subject. Indeed, it has been shown that in some cases it is even
possible recognise a person by their gait pattern. According
to previous investigations, the knee angle during gait for
healthy adults lead to similar results for male and female,
with relatively small changes between the two. In general,
the variability of a single individual’s gait can be approximated
to have a CV of about 8%; with an expected inter-subject
variability of up to 23% [25].

F. Limitations
Three main limitations of this study have been identified.

First, it should be stated that the knee angle during the gait
is assumed to be two-dimensional. We believe that this is an
appropriate simplification based on the findings of research
which compared planar to fully three-dimensional measure-
ments [38], [39]. Future studies should consider the internal
rotation of the knee and its effect on the longitudinal axes over
the gait. Second, the number of test subjects involved and the
repetitions made are not sufficient for a clinical trial, but are
adequate to cross-compare the three methods evaluated in this
work. Finally, it is important to point out that due to logistic
constraints, tests were conducted in Estonia and in Italy and
it was not possible to investigate the same test subjects with
all three methods.

III. RESULTS AND DISCUSSION

A. Trial 1
In the first trial, a cross-comparison of the proposed

IMU system was made with both the optoelectronic and
motion-tracking systems on land. The cross-comparison
involved repetitions of the walking gait by three test subjects.
One trial from Subject 1 was faulty, leaving 5 repetitions. The
other two test subjects were observed over 6 repetitions, for
a total of 17 experiments for cross-comparison. An example
visualization of the results obtained from a single randomly
selected gait cycle of the first trial is shown in Figure 3.
The differences between the IMU-based knee angle estimate
before (red) and after applying the Gaussian Process Regres-
sion (blue) are clearly seen.

1) Maximum Flexion Angle: The maximum knee flexion for
each measurement system used and investigated subjects in
Trial 1 is shown in Figure 6. A one-way ANOVA test with
95% confidence, p < 0.05 indicated no significant difference
when comparing the different methods (p=.7). This supports
our hypothesis that the IMU-based method can be used in
air and underwater studies of the knee angle during gait in
air and underwater, although the small number of limits the
interpretation of this finding to non-clinical settings.

Fig. 6. Results of the knee maximum flexion angle for Trial 1, repre-
sented as box and whisker plots. The boxes represent the interquartile
range (IQR) over the 25th to 75th percentiles, the centre line corresponds
to the median, error bars extend from the IQR up to a factor of 1.5 from
the IQR and the cross symbol indicates the mean, which is shown as a
numeric value near each boxplot. The results are shown for each subject
and measurement method (IMU, OPTO, CAMERA) and after applying
the IMU-based Gaussian Process Regression (GPR) model.

2) Root Mean Squared Error: Table III provides a summary
of RMSE for Trial 1, expressed as the mean and standard
deviations. A slightly larger RMSE is observed between the
inertial and optoelectronic methods (IMU-OPTO), with an
average deviation of 10.1 degrees. Smaller average errors were
obtained for the other comparison, at 6.1 and 7.9 degrees for
the IMU-CAMERA and OPTO-CAMERA, respectively. When
comparing the IMU-based knee angles and the optoelectronic
system, the GPR model reduced the RMSE from 10.1 to
6.3, and from 8.1 to 5.9 when comparing the IMU and
camera-based motion tracking systems. This indicates that the
GPR model is able to systematically reduce the RMSE of the
IMU-based knee angle during the gait when compared to both
gold standard systems.

3) Correlation: The Pearson product moment cross-
correlation (r ) was calculated with equation 1 between each
evaluation method exploited in Trial 1 and the results are
summarized as mean and standard deviation in Table III.
IMU-OPTO is the cross-correlation between the optoelectronic
system and IMU; IMU-CAMERA considers the IMU and
motion-tracking system. Similar to the RMSE, the Gaussian
Process Regression improved the system performance by
increasing the correlation coefficient values when compared
to the gold standard optoelectronic (IMU-OPTO vs. GPR-
OPTO) from r = 0.9 to 0.95 and camera-based systems
(IMU-CAMERA vs. GPR-CAMERA) from r = 0.9 to 0.94.
We also compared the gold standard systems, and the
OPTO-CAMERA pairing (r = 0.98) represents an expected
upper limit of the cross-correlation performance for these
experiments. In this work, we followed standard practice by
assigning a threshold value for successful performance as
having a cross-correlation r = 0.80. All coefficients were
found to exceed the threshold, varying from 0.82 to 0.99.
One-way ANOVA tests (95% confidence) found significant
differences (p <.001) between the correlation coefficients of
the four groups. It is worth noting that the values of the
cross-correlation remain similar when comparing the IMU
with the optoelectronic and motion-tracking systems, where
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TABLE III
ROOT MEAN SQUARED ERROR (RMSE) AND CORRELATION COEFFICIENT (r ) FOR TRIAL 1. COEFFICIENTS ARE EXPRESSED AS

MEAN ± THE STANDARD DEVIATION, CALCULATED BETWEEN THE PAIRS OF KNEE ANGLE EVALUATION METHODS:
IMU-OPTO, IMU-CAMERA, GPR-OPTO, GPR-CAMERA, OPTO-CAMERA

Fig. 7. Pairwise comparison of the Bland Altman coefficients for
Trial 1. The optoelectronic system compared with the inertial system
(IMU-OPTO), motion-capture vs. optoelectronic (CAMERA-OPTO) and
GPR vs. optoelectronic (GPR-OPTO). The bias and standard deviation
are represented as box and whisker plots. The boxes represent the
interquartile range (IQR) over the 25th to 75th percentiles, the centre
line corresponds to the median, error bars extend from the IQR up to
a factor of 1.5 from the IQR and the cross symbol indicates the mean,
shown as a numeric value near each boxplot.

the same value of mean (r = 0.9) and standard deviation (STD
= 0.03) were obtained.

4) Bland-Altman Plot: The Bland Altman plot is a graphical
assessment of the measurement reliability of the proposed
IMU-based system as compared with the gold standard meth-
ods. For Trial 1, the Bland Altman plot was evaluated for
each subject and repetition with the optoelectronic system as
reference. An example is shown in Figure 5, where the Bland
Altman plot of the 6 repetitions of Subject 1 are superim-
posed (grey) and the results from a single trial are highlighted
for visual comparison (black). The graph displays the measure-
ment averages along the horizontal axis, and the measurement
differences on the vertical axis; it is completed by the bias
(black line) and the confidence interval is defined by the
dashed lines. An overview of the coefficients obtained during
the Bland Altman investigation is provided in Figure 7, shown
as boxplots of the bias (mean value of the differences), and as
the standard deviation of the differences obtained after com-
paring the different measurement methods. The evaluation was
made by comparing the optoelectronic system with both the
inertial (IMU-OPTO), the Gaussian Regression (GPR-OPTO)
and the camera-based method (CAMERA vs OPTO). In this
way, a full performance comparison has been made using the
most current technologies.

The small number of subjects evaluated in this study do not
provide evidence at a clinical level of significance. However,
the results are sufficient to assess the performance of the
proposed IMU system. The bias, which represents the mean
value of the differences, was always found to be greater

TABLE IV
COEFFICIENTS OF VARIATION (CV) FROM TRIAL 1 FOR THE

INERTIAL (IMU), OPTOELECTRONIC (OPTO), CAMERA-BASED

MOTION-TRACKING SYSTEM (CAMERA) AND GAUSSIAN

PROCESS REGRESSION (GPR) APPROACHES

than zero. This indicates that on average, the IMU systemati-
cally overestimates the knee angle along the gait. The standard
deviation remained consistent among all test subjects and mea-
surement technologies, as is visible from the boxplot height
dispersion. An acceptable similarity was observed between the
upper and lower part of the table for all coefficients, which
indicates the similarity between the IMU and camera-based
methods. The GPR results show that the regression model
reduced the bias (2.8 vs. 6.6) and standard deviation
(5.4 vs. 7.4) when compared with the IMU-based knee angle
estimates.

5) Intra-Subject Variability: The coefficients of varia-
tion calculated following equation 5, are shown in
Table IV. Values are provided for the IMU, optoelectronic
(OPTO), camera-based motion-tracking (CAMERA) system
and Gaussian Process Regression (GPR). The intra-subject
variability, expressed as the coefficient of variation indicates
that all three methods have similar trends, but tend to be highly
subject-specific. The values obtained are larger than the 8%
suggested in the literature [25], which may be partially due to
the small number of repetitions (6) utilized in this study.

B. Trial 2
In the second trial, the same subjects were evaluated on land

and underwater. The IMU performance was compared with
the motion-tracking system, and the estimation of the knee
angle improved after applying Gaussian Process Regression.
The same statistical methods applied in the first trial have been
used to cross-compare the methods. A total of 11 repetitions
were recorded from each subject, producing 40 available
gaits for land and 40 for underwater. During the water trial,
a repetition for Subject 4 and one for Subject 7 were excluded
due to a camera malfunction during experimentation.

1) Maximum Flexion Angle: Figure 8 shows the results of
maximum knee flexion angle for Trial 2 for Land and Water
trials with inertial (IMU), motion-capture (CAMERA) and
Gaussian Process Regression (GPR). Large differences are
noticeable between subjects, which were identified using
one-way ANOVA tests (95% confidence). Considering the
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Fig. 8. Results of the knee maximum flexion angle for Trial 2, repre-
sented as box and whisker plots. The boxes represent the interquartile
range (IQR) over the 25th to 75th percentiles, the centre line corresponds
to the median, error bars extend from the IQR up to a factor of 1.5 from
the IQR and the cross symbol indicates the mean, which is shown as
a numeric value near each boxplot. For each subject, the group of four
boxes correspond to the three measurement methods (IMU, OPTO and
CAMERA) and the IMU-based Gaussian Process Regression (GPR),
on Land (L) and underwater (W).

three methods (IMU, Camera and GPR), the p-value was
consistently smaller than (p < 0.05), indicating statistically
significant differences between measurements taken on land
and underwater.

2) Root Mean Squared Error: Values of RMSE evaluated
between the inertial system and IMU-CAMERA are dis-
played in Table V as the mean and standard deviation.
The error was found to be slightly higher in air and for
IMU-based estimates (RMSE = 11.8 for IMU-CAMERA and
8.3 for GPR-CAMERA) than underwater (RMSE = 8.8 for
IMU-CAMERA and 6.6 for GPR-CAMERA), and slightly
lower for GPR-based estimates. Similarly to the first trial,
RMSE between GPR and the motion-capture system is smaller
than the one between the IMU and the gold standard; both in
water and on land.

3) Correlation: Values of the cross-correlations comparing
the land and underwater trials are reported in Table V as
mean and standard deviation. Here, the motion capture system
was kept as the reference and compared with the inertial
method (IMU-CAMERA) and the Gaussian Process Regres-
sion (GPR-CAMERA) results in both environments. Consider-
ing a threshold cross-correlation value of r = 0.80, land trials
had an r≥0.8 for 83% of the gaits, whereas underwater trials
had an r≥0.80 for 93% of gaits compared. One-way ANOVA
tests were also conducted, and did not detect a significant
difference between subjects and methods applied for the cross-
correlation. The averages and standard deviations are similar
on land and in water for both comparisons; slightly bigger
when comparing GPR and Camera.

4) Bland Altman Plot: Bias and Standard Deviation coeffi-
cients from of Bland Altman plot for Trial 2 are showed in
Figure 9 as boxplot. Motion Capture system measurements
are compared with inertial method (IMU-CAMERA) and
Gaussian Regression results (GPR-CAMERA), both on Land
and in Water. From the figure, it is observable that the Bias is
distributed around zero in both environments and has a smaller
variance when evaluated between GPR and motion capture.
This indicates that there is a low probability of a systematic

Fig. 9. Pairwise comparison of Bland Altman coefficients for Trial 2 as box
and whisker plots. The difference between the inertial vs. motion-tracking
(IMU-CAMERA) and between Gaussian Process Regression and
motion-tracking (GPR-CAMERA) systems. The boxes of the bias and
standard deviation (STD) represent the interquartile range (IQR) over
the 25th to 75th percentiles, the centre line corresponds to the median,
error bars extend from the IQR up to a factor of 1.5 from the IQR and
the cross symbol indicates the mean, which is shown as a numeric value
near each boxplot.

error, although a larger number of test subjects is needed
to thoroughly investigate this claim. Comparable values of
standard deviation have been obtained, slightly smaller for the
GPR-CAMERA comparison.

5) Coefficient of Variation: Table VI provides the coeffi-
cient of variation for Trial 2. For each subject on land and
underwater, the CV was calculated using equation 5 for the
IMU, the camera-based motion-tracking system (CAMERA)
and the Gaussian Process Regression (GPR). Considering the
intra-subject variability of CV for Trial 2, the values were
higher than those suggested by Winter [25]. The uniqueness of
the stance portion of the Subject 4 land knee angle during the
gait cycle resulted in a systematic underestimation of the GPR
knee angle during the gait for this subject and resulted in a
high CV of 73.8. Nevertheless, the CV for the motion-tracking
system on land remained similar to those obtained in Trial 1,
as shown in Table IV. This provides evidence reinforcing our
claim that the proposed IMU-based system is reliable on land
as compared with the two gold standard methods, especially
after applying the GPR model to the IMU-based knee angle
estimates.

Trial 2 was conducted to investigate the potential influence
of the fluid-body interaction. From Figure 8 it can be observed
that the maximum knee angle is generally reduced in water.
In Table V, it can be seen that the values of the correlation
coefficient remain stable across all methods, on land and
underwater. We suggest that the presence of water does not
interfere with the IMU measurement, rather that the observed
systematic differences are largely caused by augmentations in
the underwater gait body kinematics. The additional forces
augmenting the gait are primarily the drag and buoyancy, and
further investigation is required to decompose their individual
contributions during a gait cycle.

The outcomes of this investigation suggest that the proposed
device is suitable for the study of underwater rehabilitation
based on walking gait kinematics. The novelty and contribu-
tions of this paper are five-fold:
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TABLE V
ROOT MEAN SQUARED ERROR (RMSE) AND CORRELATION COEFFICIENT (r ) FOR TRIAL 1. COEFFICIENTS ARE EXPRESSED AS

MEAN ± THE STANDARD DEVIATION, CALCULATED FOR EACH ENVIRONMENT (LAND AND UNDERWATER) BETWEEN

THE KNEE ANGLE EVALUATION METHODS IMU-CAMERA AND GPR-CAMERA

TABLE VI
COEFFICIENTS OF VARIATION (CV) FROM TRIAL 2 CALCULATED FOR

THE INERTIAL (IMU), CAMERA-BASED MOTION-TRACKING

(CAMERA) AND GAUSSIAN PROCESS REGRESSION (GPR)
KNEE ANGLE EVALUATION METHODS, ON LAND

AND UNDERWATER

• It is the first work to cross-compare the measurement of
knee gait angles during a walking gait using wearable
IMUs, optoelectronic and motion-capture systems both
on land and underwater.

• A Gaussian Process Regression model of the knee angle
significantly improved the IMU performance by reducing
the RMSE and Bland-Altman biases and standard devi-
ations, on land and underwater, when compared to the
optoelectronic and camera-based motion-capture systems.

• Instead of using commercial IMUs with a separate water-
proof case, we propose a new cableless, self-contained
wearable system suitable for both air and underwater
environments.

• 93% of the underwater experiments using IMU and
motion-tracking remained above the cross-correlation
threshold required for clinical use, r>0.8.

• Land-based experiments of the knee angle comparing
the IMU to optoelectronic and motion-capture systems
resulted in a cross-correlation r>0.8 for 94% of the
experiments.

IV. CONCLUSION AND FUTURE WORK

Previous studies have indicated that IMU-based systems can
be used to measure human underwater kinematics [9]–[11],
[14]. Our work shows that the proposed method to assess the
knee angle during the gait is substantially in agreement with
previous land-based performance comparisons between IMU
and motion-tracking systems [12], [13]. In contrast to pre-
vious investigations, the current study included a land-based
IMU performance evaluation using both optoelectronic and
camera-based motion-capture systems. Additional analysis of
the IMU-based knee angle estimates after applying Gaussian
Progress Regression substantially improved the overall perfor-
mance of the proposed system, both on land and underwater.

The results of our study confirm the hypothesis that the
proposed wearable IMU system is able to reliably measure the
knee angle along gait both on land and underwater. This was
shown through the results of two different trials. In Trial 1,
the proposed IMU system was tested and validated through
a performance comparison with gold standard optoelectronic
and motion-tracking systems on land. Trial 2 was conducted on
land and underwater using the motion-tracking system as the
reference, and the differences between the air and underwater
environments were investigated.

Considering Trial 1, the cross-correlations and coeffi-
cients of variation indicated strong similarities between the
camera-based and IMU systems, and no statistically significant
differences were found between the two systems. In Trial 2,
it was observed that the IMU measurements of the knee angle
during the gait in the underwater environment were more con-
sistent than those recorded on land. The coefficients of varia-
tion from Trial 2 show that the proposed IMU system remain
similar to those obtained using motion-tracking. We therefore
conclude that the proposed IMU system is indeed suitable
for use on land and underwater to evaluate the knee angle
during the gait. In contrast to the literature, the inertial sensors
developed in this work did not require the use of cables [14]
nor did they require and additional external waterproof casing
[9], [14]. The investigation conducted differs also from previ-
ous studies by conducting a performance comparison between
three methods in air and underwater. The current findings
imply the suitability of the developed sensors for underwater
rehabilitation. To the best of the author’s knowledge, this is
the first survey that uses non-commercially available, wireless
and cableless inertial sensors for air and underwater gait
analysis. The physical characteristics of the bespoke sensors
minimize potential movement restrictions, allowing for the
continuous monitoring of sports and rehabilitation-specific
movements. The study proves an investigation method suitable
for monitoring endurance activities performed in and outside
water as triathlon.

Although the generally positive results of this work,
we would like to point out some limitations and challenges.
First, it is important to state that the small number of subjects
and repetitions considered did not allow to make a conclusive
assessment of the proposed system’s performance in clinical
settings. It should be noted that in this work, we did not
take into account soft tissue disturbance as potential source of
error, or solicit feedback from the test subjects regarding their
physical comfort during testing. However, the findings in this
study are sufficient to warrant the future application of the pro-
posed IMU system for future human testing in clinical trials.
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Moreover, in this investigation we purposefully neglected the
full range of body movement and focused only on the knee
angle during the gait. In addition, we found that there were
practical limitations while using Kinovea for motion-tracking,
as it required considerable manual readjustment of the markers
between frames. Correspondingly, this resulted in a larger
measurement uncertainty for the motion-capture based knee
angle measurements, which is inline with findings of another
land-based study comparing the two methods [34].

Despite of these limitations, we are encouraged by the
key findings. Future applications of the proposed sensors
will include more complex human underwater kinematics
including swimming, diving and exiting and entering the
water environment to and from land. Our long-term objec-
tive is to develop a rugged and wearable IMU system
with simple and affordable hardware which can be quickly
and easily implemented, allowing for more advanced kine-
matic investigations indoors and outdoors, on land and
underwater.
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Abstract

This work addresses the lack of reliable wearable methods to assess walking gaits in under-

water environments by evaluating the lateral hydrodynamic pressure exerted on lower

limbs. Sixteen healthy adults were outfitted with waterproof wearable inertial and pressure

sensors. Gait analysis was conducted on land in a motion analysis laboratory using an

optoelectronic system as reference, and subsequently underwater in a rehabilitation swim-

ming pool. Differences between the normalized land and underwater gaits were evaluated

using temporal gait parameters, knee joint angles and the total water pressure on the lower

limbs. The proposed method was validated against the optoelectronic system on land; gait

events were identified with low bias (0.01s) using Bland-Altman plots for the stride time, and

an acceptable error was observed when estimating the knee angle (10.96˚ RMSE, Bland-

Altman bias -2.94˚). The kinematic differences between the land and underwater environ-

ments were quantified, where it was observed that the temporal parameters increased by

more than a factor of two underwater (p<0.001). The subdivision of swing and stance

phases remained consistent between land and water trials. A higher variability of the knee

angle was observed in water (CV = 60.75%) as compared to land (CV = 31.02%). The intra-

subject variability of the hydrodynamic pressure on the foot (CVfoot
z = 39.65%) was found to

be substantially lower than that of the knee angle (CVz = 67.69%). The major finding of this

work is that the hydrodynamic pressure on the lower limbs may offer a new and more reli-

able parameter for underwater motion analysis as it provided a reduced intra-subject vari-

ability as compared to conventional gait parameters applied in land-based studies.

Introduction

Physical activity in water can reduce the risk of injury during rehabilitation exercises due to

the lessening of joint loading caused by buoyancy and the increased resistance to motion

caused by drag [1]. Water rehabilitation can also aid in the management of chronic conditions

[2], promote injury recovery, enhance exercise performance [3], and has shown to positively

contribute to the psychological well-being of participants [4].
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The authors’ recent systematic review highlighted the scarcity of quantitative underwater

motion analysis methods [5]. The methods and protocols used in underwater studies are com-

monly taken from land-based methods [6], but may be unsuitable for aquatic environments

[7]. Optoelectronic systems remain the gold standard for land-based motion analysis, but rely

on cable-connected infrared cameras and passive light-reflective markers [8]. Accordingly,

optoelectronic systems are not well-suited for both outdoor and underwater applications [9].

Previous underwater studies have made use of external cameras to monitoring motion in a

underwater treadmill tank [10], and a similar system has been developed which utilized blue

LEDs and cameras for aquatic motion analysis [11]. Waterproof action cameras have also been

used for kinematic analysis [9], where the analysis was restrained to planar investigations with

a limited field of view [12].

Wearable inertial measurement units (IMUs) can be implemented as an alternative to

optoelectronic and camera-based motion analysis systems for land-based and underwater

motion analysis [13]. Unlike optoelectronic and camera-based methods, IMUs do not have

limitations on the field of acquisition and can capture physical activities in natural and highly

unstructured settings [14]. Previous studies have performed underwater motion analysis using

IMUs to assess the walking gait [15–18], gait initiation [19, 20] as well as double and single

limb squat exercises [21]. Although the physical activities considered in these works was often

similar, the protocols adopted differed substantially between studies. This variability indicates

an overall lack of structured clinical procedures and methodologies for underwater motion

analysis. These shortcomings hinder the cross-comparison of findings and effective quantita-

tive kinematic analysis, limiting the understanding of underwater characteristics of motion

[5].

This paper illustrates that IMUs outfitted with pressure sensors, (PIMU) can provide a new

and reliable method for motion analysis of the walking gait in water. The choice of walking in

this study stemmed from its predictable patterns and extensive application in rehabilitation

[22]. Gait analysis is an established method for assessing locomotion, diagnosis and the general

well-being of test subjects [23–25]. The objectives of this work are three-fold: (i) to compare

PIMU performance against an optoelectronic system as a land-based reference, (ii) to quantify

the kinematic differences between land and underwater gaits, and (iii) to evaluate the reliabil-

ity of the lateral hydrodynamic pressure on the lower limbs as a new motion analysis parame-

ter for underwater gaits. To achieve the first two objectives, temporal gait parameters and knee

angle kinematics were analyzed on land and underwater. Finally, the hydrodynamic pressure

time series during a gait cycle at the thigh, shank and foot were compared with that of the knee

angle.

Materials and methods

Participants

Sixteen adults were enrolled in this study: 9 Females: 24.8±1.1 years, 1.66±0.06 m height, 59.2

±6.7 kg mass and 7 Males: 25.4±2.9 years, 1.78±0.05 m height, 73.6±11.6 kg mass. All subjects

were healthy with no functional impairments, neurological or orthopedic conditions and were

free of musculoskeletal injury or pain at the time of data collection. Additionally, the volun-

teers had no previous experience with water rehabilitation exercises. The experimental tests on

land and underwater were conducted in compliance with the World Medical Association Dec-

laration of Helsinki and were approved by the Ethics Committee of Politecnico di Milano

(Decision 22/2021 on June 14th, 2021. Milan, Italy). The recruitment of volunteers started on

September 1st, 2021 and was completed on December 20th, 2021. Written informed consent

of the participants was collected.
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Inertial and pressure wearables

This study implemented Pressure and Inertial Measurement Units (PIMU) sensors designed

at the Tallinn University of Technology (Tallinn, Estonia) [26] for underwater kinematics. The

wearable loggers are ideally suited for human motion analysis because they are small and light-

weight (6.9 g dry mass), minimizing potential discomfort and interference with the subjects’

movement. The PIMU sensors log data at 100 Hz and include a tri-axial IMU (BMX160,

Bosch Sensortec, Germany) which incorporates a linear accelerometer, gyroscope and magne-

tometer as well as a pressure sensor (MS5837–2BA, TE Connectivity, Switzerland). The devices

are wirelessly activated using a magnetic switch after placement on the test subjects. The data

are stored as comma-separated values (CSV) to an onboard memory module with 2 GB stor-

age, and are retrieved through a USB connection by downloading the CSV file after each activ-

ity. Table 1 summarizes the technical characteristics of the loggers, and Fig 1 provides the

dimensions and placement of the main components.

Experimental protocol

All subjects participated in two distinct trials: first, a land-based trial and afterwards the under-

water trial. In both trials, subjects were asked to walk ten times in a straight line, at their pre-

ferred self-selected speed, with their arms folded across their chest. Three PIMUs were

positioned laterally on the right leg, as shown in the right panel of Fig 1. The sensors were

fixed with self-adhesive medical tape at the approximate center of mass of thigh, shank and

foot [27], following a modified version of the Outwalk protocol [28].

The land trial fully addressed the first objective, which was to validate the PIMU motion

analysis data through comparison with the optoelectronic system. In addition, the land trial

provided data needed for the second objective, to evaluate differences between land and

underwater gaits. The trial was conducted in the Posture and Movement Analysis Laboratory

“Luigi Divieti” of Politecnico di Milano (Milan, Italy). The walking gait was recorded simulta-

neously with the three PIMU placed on the right lower limb and an 8-camera optoelectronic

system BTS-SmartDX 400 (BTS Bioengineering S.p.a., Italy) sampling at 100Hz. The optoelec-

tronic markers were placed on the test subjects following the Davis protocol [29]. To synchro-

nize the optoelectronic system and the sensors, a two-pose static calibration after [30] was

performed before each trial. Subjects were asked to stand upright (pose one) and then lift their

right leg, in hip flexion with the knee flexed to a comfortable angle (pose two) for at least 2 sec-

onds. After the completion of the calibration poses, the volunteers initiated walking, beginning

with their right leg.

The underwater trial was conducted to fulfill the second and third objectives, namely to

investigate the differences between land and underwater gaits and evaluate the hydrodynamic

Table 1. Technical characteristics of the wearable, waterproof Pressure and Inertial Measurement Unit (PIMU).

Dimensions 35x13x13.5 mm (length x height x width)

Mass in air 6.9 ± 0.3 g

Microcontroller 32-bit ARM Cortex-M0+ SAM D21G

Absolute orientation sensor BMX160 (Bosch)

Pressure sensor MS5837–02BA (TE Connectivity)

Battery Lithium-Polymer(+4v with USB charging) 3.7V 40mAh

Data Storage SD card, 2 GB

Data logging rate 100 Hz

Waterproofing Epoxy resin

https://doi.org/10.1371/journal.pone.0300100.t001
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pressure as a potentially new parameter for underwater motion analysis. The modified Out-

walk protocol used in the land-based trials was repeated in water, with the three PIMUs placed

on each subject’s right lower limb. The underwater trials were conducted at the rehabilitative

swimming pool of the Enjoy Sport Center (Cernusco sul Naviglio, Milan, Italy). The pool has a

fixed depth of 1.20m, is 3m long, and the water temperature remained at 31˚C throughout the

trials. Following the protocol of the land-based trial, the PIMU calibration poses and gait initi-

ation with the right leg were performed in water to ensure consistency between trials.

Data processing and analysis

The second right-leg stride temporal gait parameters and knee angular kinematics were

assessed for land and water trials and the hydrodynamic pressure was considered for the water

trial. All parameters were normalized over the gait cycle to enable cross-comparison between

repetitions and subjects. A total of 160 samples per parameter were evaluated: 16 subjects with

10 repetitions.

The standard gait classification was applied, defining a gait cycle as the motor tasks between

two subsequent ipsilateral heel strikes [24]. The toe-off is the moment of final contact, occur-

ring between two heel strikes and is the other main gait event. The identification of these three

gait events, two heel strikes and the toe-off occurring in between, enabled to estimate the tem-

poral parameters of interest. The first is the stride time, which is the duration of a complete

Fig 1. Technical drawing and placement of PIMU sensors for land and underwater walking gait motion analysis. (Left) Dimensions (mm) and

locations of the main components. (Right) Placement and axial orientations of three PIMU on a test subject. The measurement axes of each sensor

are highlighted in red.

https://doi.org/10.1371/journal.pone.0300100.g001
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gait cycle. The second is the stance time, which is the fraction of the gait cycle when the foot is

on the ground and the third is the swing time, corresponding to the remaining fraction of the

gait when the foot is lifted from the ground and moves forward. The equations used to evaluate

the temporal parameters are reported in the supporting information S1 Appendix. The stance

and swing fractions were expressed also as a percentage of the normalized gait cycle for the

comparison between land and water trials. The knee joint kinematic in the sagittal plane was

investigated normalizing the flexion-extension angle over the gait cycle. In addition to the

angular kinematics, the maximal flexion and maximal extension were identified and the Range

Of Motion (ROM) was estimated as the difference between them.

The optoelectronic data was processed using the BTS Smart Clinic software (BTS Bioengi-

neering S.p.a., Italy) by manually identifying the gait events. Data collected with the PIMU sen-

sors was post-processed in MATLAB (version R2022b, Mathworks Inc., USA). A bespoke

algorithm was developed by the authors to automatically detect gait events based on the accel-

eration magnitude of the foot mounted sensor. The PIMU knee angle was estimated from the

gyroscope and accelerometer data after applying the Madgwick filter to calculate the relative

angle between the thigh and shank mounted IMUs, following Song et al. [31]. The hydrody-

namic pressure was processed by subtracting the median value for each dataset to account for

the different heights of the subjects, and was subsequently normalized in time over the gait

cycle. Hydrodynamic pressure parameters similar to the knee angle were estimated: maximal

and minimal pressure as well as the Range Of Pressure (ROP) which was calculated as their

difference.

Addressing the first objective of this investigation, the PIMU-based method was validated

by comparing its performance with the optoelectronic system. For temporal and joint parame-

ters the root mean squared error (RMSE), Spearman correlation coefficient (ρ) and Bland-Alt-

man plots were evaluated to assess measurement errors, biases and reliability. Differences

between the land and water trials were assessed comparing descriptive statistics of the tempo-

ral parameters and joint kinematics, to address the second objective. The Brunner-Munzel test

using a 95% confidence interval was performed [32, 33] for pair-wise comparison of the PIMU

gait parameters on land and underwater and between the PIMU and optoelectric systems on

land. This non-parametric test method was chosen as it is a generalised and more robust ver-

sion of the Mann-Whitney U test which does not require the assumption of equal variances

between sample populations [34]. The test groups were generated based on the ensemble gait

data from all participants for each system (PIMU vs. optoeletronic) and environment (land or

underwater).

Lastly, the third objective evaluated the lateral hydrodynamic pressure parameter as a novel

underwater motion analysis parameters estimating its coefficient of variation (CV). The CV

was based on the phase average of multiple gaits following Winter et al. [27], and quantifies the

variability of a parameter considering multiple subjects conducting the same physical activity.

To compare the CVs of the knee angle and the hydrodynamic pressure, the z-scored Coefficient
of Variation (CVz) was calculated. This was done for each time-stamp over a gait cycle, where

the z-scored values were obtained by subtracting the time stamp mean and dividing by the

time stamp standard deviation. The equations and descriptions of statistical methods applied

for the validation of the devices and the cross-comparison of land and water gait parameters

are provided in the supporting information, S2 Appendix.

Results

The temporal gait parameters, knee angle and lateral hydrodynamic pressure were calculated

on a total of 159 samples, as one subject had only 9 acceptable trials. Data were tested for

PLOS ONE Improving underwater gait analysis using wearable pressure and inertial sensors
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normality using a Kolmogorov-Smirnov test, and were found to be non-normally distributed

for the majority of trials. Accordingly, median and interquartile ranges (IQR) were used as

summary statistics for further comparison. Table 2 summarizes for the optoelectronic system

(land only) and for the PIMU land and water trials the results for the temporal and knee angle

parameters, as well as the CV and CVz of the knee angle.

Validation of the technology

The proposed PIMU technology was confronted against the optoelectronic system during the

land trial to assess its reliability. It was found that the median and IQR of stride time estima-

tions were consistent between optoelectronic and PIMU measurements (Table 2). Differently,

the PIMU underestimated the stance time when compared to the optoelectronic system

(median difference of 4%), and therefore overestimated the swing time by the same percent-

age. The validation parameters used to compare the optoelectronic and PIMU data for land-

based trials are reported in Table 3. Considering temporal gait parameters, the results show a

modest RMSE difference ranging from 0.03 to 0.06s, and acceptable values of the Spearman

correlation coefficient with the lowest value of 0.80 for the swing time, 0.84 for the stance time

and a maximum of 0.95 for the stride time. The Bland-Altman measurement biases (averages

of the differences) for stride and stance times are minimal, suggesting a slight underestimation

of the parameter by the IMU method. In the supporting information S1 Fig. are provided addi-

tional Bland-Altman plots of the gait temporal parameters. The Brunner-Munzel test was

applied to evaluate differences between the temporal gait parameters obtained from the

Table 2. Temporal gait and knee joint parameters estimated from the optoelectronic land trials and PIMU system for land and water trials. The summary statistics

for comparison include the median, first (Q1), third (Q3) quartiles and interquartile ranges (IQR) of the distributions, as well as the knee joint coefficients of variation (CV

and CVz).

Optoelectronic PIMU Land PIMU Water

Median (Q1, Q3) IQR Median (Q1, Q3) IQR Median (Q1, Q3) IQR

Temporal gait parameters Stride time [s] 1.12 (1.04, 1.21) 0.17 1.11 (1.04, 1.21) 0.17 3.02 (2.61, 3.33) 0.72

Stance time [s] 0.70 (0.64, 0.77) 0.13 0.66 (0.62, 0.71) 0.09 1.73 (1.54, 2.04) 0.50

Swing time [s] 0.41 (0.40, 0.45) 0.05 0.46 (0.41, 0.51) 0.10 1.23 (1.05, 1.43) 0.38

Stance phase [%] 62.50 (61.57, 63.62) 2.05 58.59 (56.59, 60.72) 4.13 58.18 (56.08, 61.30) 5.22

Swing phase [%] 37.50 (36.38, 38.43) 2.05 41.41 (39.28, 43.41) 4.13 41.82 (38.70, 43.92) 5.22

Knee joint parameters ROM [˚] 62.70 (58.53, 67.33) 8.80 60.79 (57.41, 65.56) 8.15 60.19 (50.00, 72.01) 22.01

Max flexion [˚] 66.44 (61.32, 69.01) 7.69 63.93 (59.46, 69.39) 9.93 65.71 (54.97, 78.02) 23.05

Max extension [˚] 1.76 (-2.16, 5.40) 7.56 2.34 (0.45, 5.22) 4.77 6.37 (0.99, 11.85) 10.86

CV [%] 27.84 31.02 60.57

CVz [%] 20.97 31.20 67.69

https://doi.org/10.1371/journal.pone.0300100.t002

Table 3. Validation parameters used to compare the optoelectronic and the PIMU system for land-based trials. Root Mean Squared Error (RMSE), Spearman correla-

tion coefficient (ρ), Bland-Altman plot coefficients: mean of the differences (bias), the standard deviation of the differences (σ), lower and upper boundaries of the confi-

dence interval (CI = bias ± 1.96σ).

RMSE ρ Bland-Altman plot coefficients

bias σ CI low CI up

Stride time [s] 0.03 0.95 0.01 0.03 -0.06 0.07

Stance time [s] 0.06 0.84 0.05 0.04 -0.03 0.12

Swing time [s] 0.05 0.80 -0.04 0.04 -0.11 0.03

Knee angle [˚] 10.96 0.74 -2.94 10.56 -23.64 17.76

Knee ROM [˚] 3.81 0.81 1.40 3.55 -5.56 8.36

https://doi.org/10.1371/journal.pone.0300100.t003
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optoelectronic and the PIMU methods. Stride times did not differ significantly between meth-

ods (p = 0.60) whereas both the stance and swing times were found to be significantly different

(p<0.001).

Regarding the knee joint parameters (Table 2) it was observed that the PIMU underesti-

mated the ROM by 1.91˚ and the maximal flexion by 2.51˚, expressed as the differences between

medians. The CV comparison also revealed that PIMU knee joint variability on land was

slightly higher, at 31.02%, compared to the 27.84% of the optoelectronic system. The CV values

for both systems on land are in good agreement with the reference inter-subject CV for slow

cadence of 26%, as defined by Winter and colleagues [35]. The knee joint validation parameters

in Table 3 report a RMSE of 10.96˚ when comparing PIMU and optoelectronic measurements

over the normalized gait. The Bland-Altman bias of less than 3˚ and a RMSE of the ROM of

3.81˚ indicate a small measurement bias of the PIMU and confirm the overall reliability of the

proposed PIMU system to assess knee joint parameters during a walking gait. The knee flexion-

extension angle results for the all land-based trials comparing the optoelectronic and PIMU sys-

tems are provided in the left panel of Fig 2. A Bland-Altman plot for the knee angle estimation

of a single test subject is shown in the right panel of Fig 2. In general, the ROM estimated by the

IMU sensors was found to be marginally lower (1.40˚) when compared to the optoelectronic

system on land. The PIMU knee flexion angle also exhibited a reduced peak value during the

stance phase (0 to 20% of the stride) and was found to have a higher residual flexion angle at the

termination of the gait cycle being around 18˚, while about 6˚ for the optolectronic system. Sta-

tistical differences between optoelectronic and PIMU observations were evaluated using the

Brunner-Munzel test, where it was found that knee ROM (p = 0.02) and maximal extension

(p = 0.02) were significantly different and the maximal flexion was not (p = 0.67).

Gait differences on land and underwater

The kinematic differences between the walking gait on land and in water from healthy test sub-

jects were investigated comparing temporal and knee joint estimations of the two trials

Fig 2. Comparison of optoelectronic and PIMU systems estimation of the knee angle for land-based trials. (Left) Mean and standard deviation of

the knee joint flexion-extension angle, normalized over the gait cycle. Dashed vertical lines identify the toe-off. (Right) Bland-Altman plot of a single

test subject with 10 repetitions (gray dots). A single gait cycle is highlighted (black points), and the bias (solid black line) and upper and lower 95%

confidence interval boundaries (dashed gray lines) indicate that there were few substantial deviations between optoelectronic and PIMU knee angle

estimates.

https://doi.org/10.1371/journal.pone.0300100.g002
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estimated with the PIMUs. Temporal gait events (heel strike and toe-off) were identified using

peaks in the acceleration magnitude obtained from the foot-mounted PIMU for all trials, an

example is shown in the leftmost panel of Fig 3. Boxplots of the estimated temporal gait param-

eters and gait phases are provided in the center and right panels of Fig 3, respectively. All the

parameters reported increased variability during the water trial (Table 2). Compared to the

parameters of the land-based trials, the underwater stride duration increased by a factor of

172%, while it was observed that the stance time increased by 162% and the swing phase by

167%. Despite the substantial increase in the temporal gait parameters observed in water, the

subdivision into stance and swing phases remained similar to the overground assessments,

respectively about 58% and 42% of the gait cycle (rightmost panel of Fig 3).

The differences between land and underwater knee flexion-extension angles were modest,

as shown in the left panel of Fig 4. Overall, the underwater gait reported increased variability,

as indicated by the IQR of the knee angle parameters and a near doubling of the CV values

when compared with land-based trials (Table 2). Interestingly, the knee angle in water did not

exhibit an initial peak during the stance phase, where subjects showed an average 18˚ knee

angle at 0% of the gait cycle. In addition, while it was found that the median values of maximal

flexion and extension were higher in water of respectively 1.78˚ and 4.03˚, a similar ROM was

observed between the two environments. The underwater and overground gait and joint

parameters were found to have significant differences (p<0.001) based on the Brunner-Mun-

zel test, with the exception of the knee range of motion (p = 0.46) and knee maximal flexion

(p = 0.47).

Lateral hydrodynamic pressure

During the underwater trial, the hydrodynamic pressure was recorded and normalized over

the gait cycle. The mean pressure over the gait and standard deviation envelopes are shown in

the right panel of Fig 4 for the thigh, shank and foot PIMU locations. Characteristic behaviours

can be observed for each of the three sensor mounting locations. During the majority of the

stance phase, up to about 40% of the gait cycle, the three signals remained close to their initial

pressure values. The pressure on the shank begins to decrease at 40% of the gait cycle, indicat-

ing that the leg is lifting towards the water surface, whereas the thigh and foot pressures

remained nearly stationary until 50% of the gait. This portion of the gait cycle corresponds to

Fig 3. Comparison of the temporal gait parameters between land and underwater trials. (Left) Foot-mounted accelerometer magnitude time series

during a single gait cycle on land and in water. The stride time of the underwater gait is nearly 2.5x longer in duration than that of the stride time on

land. (Center) Boxplots of the temporal gait parameters. (Right) Boxplots of the gait phases. Boxes represent the interquartile range (IQR) over the 25th

to 75th percentiles, the centerline corresponds to the median value of the distribution, error bars extend by a factor of 1.5 from the IQR and outliers are

marked as circles.

https://doi.org/10.1371/journal.pone.0300100.g003
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the heel-off, where the foot begins to leave the ground and prepare for the swing phase. After

the 50% of the gait, the thigh and foot pressure were observed to decrease, across the pre-

swing and initial swing phases (50 to 80% of the gait). Finally, for the last portion of the gait

cycle (80% to 100%), during the mid and terminal swing phases, the leg prepares for the fol-

lowing heel contact and the hydrodynamic pressure continues to increase and until it reaches

its initial value as the leg returns back to the floor. The hydrodynamic pressure fluctuation

amplitude was observed to be proportional to the amount of movement: smaller for the thigh,

intermediate for the shank and larger for the foot. Moreover, the thigh and shank average pres-

sure showed two distinct curves at about the 60% and 80% of the gait, corresponding to the ini-

tial swing and mid-swing phases.

To quantify the behaviour of the hydrodynamic pressure during underwater gait, parame-

ters analogous to the ones estimated for the knee angle have been approximated and are

reported in Table 4. Among the three locations, the pressure measured on the thigh showed

the smallest ROP both in terms of median (7.68mbar) and IQR (5.60mbar), as well as the big-

gest CV (138.35%). Conversely, the foot location reported the biggest ROP (19.97mbar with an

IQR of 11.78mbar) and the smallest CV (80.06%). Finally, the shank location displayed

Fig 4. Normalized knee flexion-extension angles and hydrodynamic pressure over the gait cycle. (Left) Mean and standard deviation envelope

(shaded regions) of the knee joint angle calculated from land (green) and water (blue) trials with PIMUs. (Right) Hydrodynamic pressure envelopes

(shaded regions) obtained from the underwater trials from the PIMU mounted on the thigh (red), shank (blue) and foot (black). Dashed vertical lines in

both panels indicate the toe-off.

https://doi.org/10.1371/journal.pone.0300100.g004

Table 4. Hydrodynamic pressure statistics of underwater gaits. Sensors were placed on the thigh, shank and foot and observations were summarized as the median, first

(Q1), third (Q3) quartiles and interquartile ranges (IQR) of the Range of Pressure (ROP), maximal and minimal pressure, as well as the coefficient of variation (CV and

CVz).

Thigh Shank Foot

Median (Q1, Q3) IQR Median (Q1, Q3) IQR Median (Q1, Q3) IQR

ROP [mbar] 7.68 (4.20, 9.84) 5.64 13.98 (11.04, 19.52) 8.48 19.97 (16.69, 28.69) 12.00

Max pressure [mbar] 2.50 (1.66, 3.30) 1.64 3.13 (2.31, 4.10) 1.79 2.43 (1.79, 3.27) 1.48

Min pressure [mbar] -4.54 (-7.07, -2.51) 4.56 -11.35 (-15.79, -7.80) 7.99 -17.64 (-26.79, -14.12) 12.67

CV [%] 138.34 98.99 80.06

CVz [%] 126.88 70.15 39.65

https://doi.org/10.1371/journal.pone.0300100.t004
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intermediate values for both ROP (13.98 with an IQR of 8.34) and CV (98.99%). The normali-

zation of the CV (CVz in Table 4) confirms that the hydrodynamic pressure on the foot (CVz =

39.65%) is more reproducible between subjects and repetitions.

Discussion

Previous studies [13, 16] have demonstrated the potential of IMU-based systems for underwa-

ter quantitative motion analysis. However, a recent systematic review by the authors [5]

revealed a lack of suitable wearable IMU-based technologies and parameters for monitoring

physical activity in water. To address these gaps, this work developed novel wearable devices

that combine IMU and pressure sensors suitable for both overground and underwater gait

analysis. Hydrodynamic pressure was proposed as a unique parameter that reflects the interac-

tion between the body and the fluid during motion. The devices were tested on 16 healthy

adults who performed gait analysis in both overground and underwater conditions. A total of

159 trials were collected and analyzed per condition for temporal and joint gait parameters.

Validation of the technology

The proposed PIMU sensors were validated by comparing their performance with an optoelec-

tronic system in a motion analysis laboratory. The temporal gait parameters measured by the

PIMU sensors had a low RMSE (up to 5% of the gait cycle for stance time) and a high Spear-

man coefficient (above 0.8), which are consistent with similar studies [36]. The Bland-Altman

bias was also small, especially for stride time [37]. The knee joint estimation by the PIMU sen-

sors reported had a relatively high RMSE with respect to the optoelectronic assessments for

both the whole curves and ROM, but a low Bland Altman bias (around -3˚), which is aligned

with [38]. The Brunner-Munzel test reported statistically significant differences between

optoelectronic and PIMU gait parameters, with the exception of the stride time and maximal

flexion angles, which were found to be highly comparable. Moreover, the algorithm used in

this study to estimate the knee flexion-extension [31] improved the RMSE and CV of the knee

joint estimation compared to the previous algorithm used by the authors in a similar investiga-

tion [18], and achieved a similar CV as the optoelectronic system (31.02% vs 27.84%), as

shown in Table 2.

These results indicate that the PIMU sensors have good accuracy and reliability for motion

analysis in water, and can measure both temporal and joint parameters with a reasonable

trade-off between precision and ease of application.

Differences between the two environments

When applied to the water environment, PIMUs registered temporal and kinematic parame-

ters in good agreement with previous IMU-based investigations [15–17]. The results of this

study indicate the gait cycle duration more than doubled in water, while the proportion of

stance and swing phases was constant in the two environments, comparably to previous

researches [39]. However, a larger variability, indicated by the interquartile range, has been

observed in the temporal parameters (Table 2). A similar trend was found for the knee joint

angle assessment, where values of ROM were comparable to previous studies with IQR dou-

bled in water for all the joint parameters [40]. Additionally, the CV of the knee joint in water

more than doubled when compared to the land-based trials. Therefore, we conclude that

underwater gait kinematics are likely to be inherently less repeatable than those on land.

Potentially caused by the kinematic differences observed between underwater and overground

kinematics (Fig 3), was further confirmed by the Brunner-Munzel test results of the gait

parameters, which indicated statistically significant differences between walking gaits on land
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and underwater. For example, the knee flexion curve at heel strike and during the load accep-

tance phase was absent in water [39]. This could be related to the slower walking speed in

water, which has been shown to reduce the flexion angle during initial stance [10]. Moreover,

the maximal flexion angle during the swing phase in water was smaller than on land. This find-

ing is consistent with some studies [10, 15], but not with others [39]. Previous works have

pointed out that such discrepancies may be partially explained by different experimental con-

ditions, such as water depth and participants’ age [15]. To account for the effect of participants’

height on the indexes estimated, we also calculated the CV for the knee angle after z-score nor-

malization and found that this also is more than doubled in water.

These kinematic differences reflect the properties and resistance of the fluid medium.

Water density imposes higher resistance to movement, which can lead to slower, less con-

trolled and less repeatable motions and different motor strategies [15]. These factors limit the

cross-comparison of results between subjects and studies on land and underwater.

Lateral hydrodynamic pressure

The higher density of water provides substantially more resistance to the movement than air

resulting in various advantages in terms of rehabilitation and wellness. In this study, a charac-

terization of the hydrodynamic pressure occurring on the lower limb during gait in water was

performed. It is the first investigation attempting to describe the interaction between water

and the body in motion exploiting the unique characteristics of water rather on relying only

on inertial measurements. Three PIMU sensors were attached laterally on the thigh, shank and

foot. The pressure data were processed as the knee angle data: data have been z-scored normal-

ized to account for different heights and the ROP, as well as other parameters have been esti-

mated (Table 4). It was found that the pressure on the thigh and shank was smaller, whereas

the pressure on the foot was higher and more consistent, reporting a CVz of 39.65%. Since the

hydrodynamic pressure depends on the depth and to allow for a comparison with the knee

angle variability, the coefficient of variation of both pressure and joint angle was estimated on

z-scored data. The CVz of the foot pressure was therefore compared with the CVz of the knee

angle on land (31.20%) and in water (67.69%). These results suggest that the foot hydrody-

namic pressure may provide a less variable parameter to evaluate the walking gait underwater

than the knee angle.

Limitations of the study

The hydrodynamic pressure on the lower limbs has been proposed as a novel parameter for

underwater gait analysis allowing a reasonable reconstruction of the gait phases. Nevertheless,

the conducted study has severe limitations in the subjects and protocol considered.

Despite gathering reference data on a segment of the population, valuable for future investi-

gations, this research involved only healthy adults. This does not allow for a comprehensive

understanding of the importance of aquatic physical therapy and of the overall effects of the

water on the body systems. The protocol also involved as physical activity of interest simple

locomotion because of its relevance [6] and its well-known characteristics and established

parameters [24]. However, other exercises commonly used in aquatic physical therapy [5]

might help characterizing better the fluid-body interaction through the assessment of hydro-

dynamic pressure. Furthermore, this investigation exploited three pressure and inertial sensors

positioned laterally to the leg, but it remains to be established if there are more suitable loca-

tions for the assessment of the hydrodynamic pressure. Future studies should therefore investi-

gate different sensor positions and alternative tasks, as well as consider different populations,

to improve our fundamental knowledge of water’s effects on lower limb kinematics. The use of
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IMUs resulted in the investigation of solely the flexion-extension angle limiting the analysis of

the knee joint kinematics to the sagittal plane and to its superficial angle. This, limited the

study of underwater locomotion and might be especially restricting when considering patho-

logical subjects, for which the analysis of all the anatomical planes is fundamental [41]. The

interpretation of the results is somewhat dependent on the particular choice of statistical

method used to test for significant differences between the sample populations. While being

robust and effective, the Brunner-Munzel test as applied in this work cannot account for inter-

group repeated measures. Accordingly, the authors cannot evaluate the differences between

individuals using the same method and in the same environment. This assumption was tested

in a previous work and determined to be acceptable when relying on ensemble statistics for

activity recognition [42].

Additionally, IMUs which include magnetometers and rate gyroscopes are susceptible to

ferromagnetic disturbances and gyroscopic drift that limited the synchronization ability of the

three PIMUs, resulting in time-consuming data post-processing which affected the final esti-

mation of kinematics parameters. Future improvements in the application of more advanced

calibration algorithms [43, 44] and through the combination of IMU-based and computer

vision assessments [18] are recommended to improve the efficiency and quality of PIMU-

based gait analyses.

Conclusions

This work investigated how wearable devices outfitted with IMU and pressure sensors can be

used to improve the investigation of underwater motion analysis. In contrast to previous stud-

ies that relied on methods and parameters designed for land-based assessments [5], this work

proposes a parameter tailored to the underwater environment. The devices have been initially

validated through a performance comparison against the gold standard optoelectronic system

focusing on temporal and knee joint parameters during gait. The results indicate acceptable

accuracy and reliability. By applying the sensors to the aquatic environment, kinematic differ-

ences between overground and underwater gait and knee joint parameters have been observed

pointing out that underwater locomotion is subjected to higher variability and uncertainty.

For example, the stride time on land reported an IQR of 0.17s, while underwater of 0.72s,

being respectively about 15% and 24% of the gait cycle. Similar conclusion can be reached con-

sidering the knee angle coefficient of variation that, after normalization (CVz), was 67.69% in

water, a result far from the standard CV defined by Winter [35] of 26%. The variability of stan-

dard gait parameters in water lead us to the consideration of a new and alternative parameter:

the hydrodynamic pressure exerted on the lower limbs during the gait cycle. The hydrodya-

namic pressure was investigated for three lower limb locations, namely thigh, shank and foot,

and was compared to the more commonly used knee flexion-extension angle. The normalized

coefficient of variation on the foot was the lowest, 39.65%, suggesting that hydrodynamic pres-

sure can provide a new parameter to complement traditional gait analysis. We propose the

pressure as a measure of the interaction between the body in motion and the underwater envi-

ronment to promote a comprehensive understanding of how the presence of the water changes

the way we move in it.
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