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For years, the quantitative analysis of human movement has been restricted torgaitrlabohat are equipped
with many sophisticated measurement devices such as forcegpldtestion capture systems. However, such
equipment is costly, data acquisition and analysis procedures are cumbersome, and the bhdaadlittes
requires space and specialized personnel. Moreover, many people live at a distance frioesbaah services
and continue to be in the workforce with limited time to attersbasment sessions. In addition, the COVID-19
pandemic has had a notable impact on health services which o en had to adapt a remote method of service pro
vision. Consequently, there is an unmet need for inexpensive, practical and objective Iialy moaitoring
and assessment of human movement in an ambulatory Setting

Wearable sensors, such as Inertial Measurement Units (IMUs), may enable the assessment of movemen
patterns during functional activities in a real-world setting. IMUs usually contain a 3-axis accelerometer t
measure linear accelerations, a 3-axis gyroscope to measure angular velocities, as well as, in some cases, a 3-
magnetometer to assess earth magnetic eld. e fusion of data from multiple IMUs attached dly adgment
enables the assessment of free accelerations, orientatioménakihematicd. IMUs are typically lightweight
and portable, which facilitate unencumbered movement of a person and do not con ne data collectiborto mo
capture systems in the laboratory environment—current gold-standard for movemdygisinadditionally,
they are easy to use, cost e ective, and can capture data from mamganbegcles.

With the rising popularity of IMUs (e.g. Xsens Technologies B.V., Shimmer Sensing, | Measure U, and
APDM), there have been an increasing number of research invesjigatir validity and reliability for move
ment analysis e Xsens MVN Analyze system includes wireless motion IMUs (MTw Awinda sensors) and
estimates three-dimensional joint kinematice reliability and validity of the system for obtaining joint
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kinematics have been con rmed against gold-standardelpttronic systems such as the Optotrak sy$tem

and more recently by our group against the VICON syst@&iven that size of sensors is important in terms

of patients’ acceptability, Xsens has moved toward sensor miniaturization and produced DOJ. &iasor

their reduced size, Xsens DOT has become more accessible with regards to capturing movement data anywhe
without complex set up that the Xsens MVN system necessitates, potentially opening new avenues fiat real-wo
applications. At present however, the validity and reliabilii¢sefns DOT during functional activities remains
unknown.

Current limitation of the IMU validation and reliability resehbris that it is usually restricted to evaluating
joint angles and/or spatio-temporal parametemsse parameters are computed by fusing accelerometer and
gyroscope outputs which requires signi cant processirgiss@nd the results may be dependent on coding
choices. On the other hand, raw IMU outputs such as accelerations and orientations, have been shown to be
useful in a wide range of movement-related settings, sughstisre recognitidh) quanti cation of physical
activity levely determining spatial-temporal gait variabfesstimation of hip joint loading pattefisestima
tion of joint angle¥, or quanti cation of knee stability; As such, with recent advances in arti cial intelligence
methods, machine learning algorithms driven by raw acceleration and orientation signal®wds prunique
opportunity to overcome methodological challenges associated with transforming suthistgmaore com
plex calculations such as joint kinematic/kinetics, physicaligetr posture recognition. To achieve this, the
rst step would be to test whether IMUs provide accurate and relrabhasures of acceleration and orientations,
in which research is scarce regarding accelerations, and seems to be non-existing in regards to drientations
Another limitation of the IMUs validity and reliability research is its restrictiors¢essing usually only walking
which in isolation cannot be extrapolated to a real-world human movementibehdinally, the assumption is
the IMUs to be worn and used by people in a real-life settimghvanesents certain methodological challenges.
For example, it is not clear if IMUs can collect accurate and reliable biomechanical data if attacdggartdo
by people who are not researchers or clinicians.

To the best of our knowledge, there is currently no cetrgnsive evaluation on the validity and reliability
of accelerations and orientations measured with an a ordable IMU like the Xsens DOT system duriolg multi
functional activities. erefore, the rst objective of the study was to determine the concurrédityaf accel
erations and orientations measured using the Xsens DOT compared to the Xsens MTw Awinda. e second
objective was to determine the test—retest reliability of accelerations and orientations mesisgré (Xsens
DOT when attached by a researcher and when attached by a participanédeoobjectives, healthy individu
als participated in three data collection sessions during onédesgleration and orientations from the Xsens
DOT and Xsens MTw, were being simultaneously collected whileiparits performed a series of functional
activities. To evaluate validity of the Xsens DOT, we compared acceleration and orientations watémed
from the Xsens DOT and Xsens MTw, using the Linear Fit Method (LFM). We also quanti ed mean di erences
in accelerations and orientations range values. To evaluate test-retest reliability of the Xsens DO& when th
sensors were attached by a researcher, we compared rangefvihle@sceleration and orientations obtained
during the rst and second data collection session (sensors attached by the same reseatbtegssitas), by
using the Interclass Correlation Coe cient (ICC) ancet®tandard Error of Measurement (SEM). To evaluate
test-retest reliability of the Xsens DOT when the sensors were attached by a participant, \nedaampa
values of the acceleration and orientations obtained during thésessors attached by a researcher) and third
data collection session (sensors attached by participants).

Te— 7o 5

fr—<..< fe—ei ...Sf"Twenty-biie mdividualdiparticipated in the study. ey had a mean age of
30.8+9.0 years, a mean BMI of 25.2 + 3.9%d/(67%) were male, 7 (33%) were female, and 17 (81%) indi
cated their right lower-limb as the dominant.

‘e ... —""Fe— " flnehr +méthod. r?values for accelerations indicate fair-to-high or excellent con
current validity for sacrum, shank and thigh sensors for all axes and activities except sacrum sensor in y axis
during squats and jumps, and thigh and shank sensor in y axis during jumps.(Figalues for orientations
indicate fair-to-high or excellent concurrent validity for sacrum, shank and thigh sensors throughout all axes
and activities except sacrum sensor in z axis during squats, and shank sensor @duingxal activities
(Fig. 2). Averaged and individual participants’ acceleration and orientation signal wasedoe presented in
Supplementary Figs. S1-S10.

Mean di erences. Tablel presents mean di erences [95% CIs] for acceleration range values between Xsens

MTw and Xsens Dot. Mean di erences in acceleration range values between two sensors ranged from 1.4 to

2.0 m/g for sacrum, 5.6 to 0.2 m#dor thigh and 5.2 to 0.5 mfSfor shank. Figuré presents Bland—Altman

plots of acceleration range values. Supplementary Tables S1-S3 contain means (stds) of the acceleration al

orientation range values collected with the Xsens DOT and Xsens MTw during each data collection session.
Table2 presents mean di erences [95% ClIs] for orientation range values between Xsens MTw and Xsens Dot.

Mean di erences in orientation range values between two sensors ranged from 1198 tor sacrum, 8.8 to

16.1° for thigh and 9.4 to 10.7° for shank. Figipresents Bland—Altman plots of orientation range values.

Te—a"te— "FZ<«f <Zc—> e f——f...SH4dCs,> ICESFuésHferfafcelerdbidnrafiges
indicate excellent, fair-to-high or poor test—retest reliability for 46.7%, 51.1% and 2.2% of castiselgspe
when the sensors were placed by the researcher. ICC values for orientations indicate excellenthfair-to-hig
poor test-retest reliability for 53.3%, 35.6%, and 11.1% of cases, respecti&ly (Fig.
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Figure 1. Means (squares) and standard deviations (markers of 1, 0%fwl individual participants’
acceleration waveforms; light grey shaded areas indicate fair-to-high concurrent validity; dark grey shaded ar
indicate excellent concurrent validity; if DOT is identical to MTw then the values of LFM parameters are 1=1,
0=0, P=1, for the full interpretation of the parameter’s values, please see statistical an&lgysastinods
section.
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Figure 2. Means (squares) and standard deviations (markers) of 1, 0%fuwd individual participants”
orientation waveforms; light grey shaded areas indicate fair-to-high concurrent validity; darkagiey ateas
indicate excellent concurrent validity; if DOT is identical to MTw then the values of LFM parameters are 1=1,
0=0, P=1, for the full interpretation of the parameter’s values, please see statistical an&lysastimods
section.
SEMs. SEM values were in the range of 0.2 to 5.8 forsiccelerations and 0.3 to 7.6° for orientations, except
thigh sensor orientation range in y axis during squats @ig.
hiah . h - s dur ;
te—"fe— "tZ¢f <Zc—> f——f.. &Lt |0C VAlllesdor.acclerattori range val
ues indicate excellent, fair-to-high or poor test—retest reliability for 33.3%, 51.1% and 15.6% of cases when th
sensors were attached by participants. ICC values for orientations range indicate excellent, faortpdog
test—retest reliability for 17.8%, 51.1% and 31.1% of case¥).(Fig.
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Thigh Sacrum

Difference in acceleration range values (m/sz)

Shank

Squat ‘ Jump Walk Stair ascent Stair descent
Sacrum

z 03 |[5.2,45] |16 |[46,77] |01 | [29 29 02| [ 26,2.3] 0.4 | [ 47,3.9]
x 0.2 [ 14,171 ] 2.0 [ 3.8,7.7] 0.7| [ 35,2.2] 01| [20,20] | 0.1 [ 2.5,2.8]
y 04 |[1.7,08] | 14 |[5.0,23] 05 |[27,1.7] 04 |[21,14] 11 |[563.2]
igh*

z 0.2 |[27,22] | 0.3 |[ 5.2 4.6] 09 |[9.2,7.5] 1.9 |[ 9.1,5.3] 0.7 |[7.2,5.9]
X 0.2 [09,12] | 06 |[74,6.2] 56 |[ 18.7,7.5] 19 | [ 8.6,4.8] 4.2 |[16.7,8.2]
y | 01 |[1.1,11] | 2.0 |[ 7.6, 3.6] 41 |[17.4,91] |01 |[6.0,6.] 0.8 |[ 6.0,4.5]
Shank*

z 0.2 |[08,05] | 1.3 [[6.9,43] |05 [ 6.6,7.6] 1.4 |[9.4,6.6] 2.2 |[10.2,5.7]
x |04 |[14,22]| 1.7 |[1209,75]| 1.9 |[17.1,133]| 0.1 | [ 9.8,9.8] 0.2 | [ 10.9, 10.5]
y | 08 |[29,14] | 51 |[146,44] | 2.1 |[14.6,10.3] | 47 |[ 16.8,7.4] | 52 |[ 16.7,6.2]

Table 1. Mean di erences [95% ClIs] for acceleration range valueg)(brééveen Xsens MTw and Xsens Dot.
Cl con dence interval. *Data presented for right limb.

[J  Squat

Jump

Walk

Stair ascent
Stair descent

oo

25

30

Mean acceleration range values (m/sz)

Figure 3. Bland—Altman plots portraying the agreement between the accelerations (combined all activities)
collected using the Xsens MTw and Xsens Dot. Y axis—Di erence in acceleration range values between the
Xsens MTw and Xsens Dot; X axis—Mean acceleration range values of the Xsens MTw and Xsens Dat;

SEMs. SEM for accelerations range values were mostly below .0exdept shank sensor x axis during
jumps. SEM for orientation range values were mostly below 8.0°, except thigh sensor in z and y axes during
squats and jumps (Fig).

(e . . —eoec'e
e objective of the study was to determine the concurrent validity and test—retest réjiaifiiccelerations and
orientations measured using Xsens DOT sensor during squatss,jwatking and stair ambulation.

‘e ... —""1te— " f e demondtrate fair to excellent concurrent validity of accelerations and orientations
coIIected with the Xsens DOT when compared with the Xsens MTw Awinda. is indicates that, the accelera
tion and orientations waveforms and range values obtained from the Xsens DOT are generallyp sho#ar t
obtained from the Xsens MTw.

e relatively low similarity in acceleration waveforms in y axis in the jump task (compared to otheriastivit
and axes), indicates that the impact that occurs upon initial contact with the ground when landingtaray con
nate signals. is is con rmed when looking at mean di erences in acalen range values which are higher
for thigh and shank compared to the sacrum sensors. ese di erences may be explained by the di erence in
the position of the sensors and associated di erences gkihanotion artifact and muscle activation patterns

<Fe—<co .,
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Squat Jump Walk Stair ascent Stair descent
Sacrum

z 1.6 |[ 10.4,7.1] 1.3 |[9.3,6.7] 09 |[38,57] 0.9 | [ 8.3,6.5] 0.7 | [ 4.1,2.7]

x |04 [ 3.1,3.8] 0.1 [ 3.8,4.1] 0.1 [ 2.5,2.7] 0.9 [ 2.6,4.3] 1.0 [ 4.7,6.8]

y |02 [ 73,7.7] 1.9 [73,11.2] | 04 [ 2.7, 3.6] 11 [ 2.4,4.6] 0.1 [ 2.6,2.8]
igh*

z |19 [ 23.8,27.6] | 4.7 [87,182] | 3.7 [ 49,123]| 3.0 [ 7.4,13.5] 15 [ 10.6,7.4
X 8.8 |[ 24.2,6.5] 4.3 |[ 13.6,5.0] 1.2 ([ 11.1,8.7] 3.1 |[214,153] | 04 |[ 11.1,10.3]

y [16.1 | [12.2,444]| 135| [ 4.6,31.6]| 93| [15,617.1] 15]3 [5.0,25.5 74 [0.4,14.4]
Shank*

z |08 |[8.3,10.1] 19 | [21.6,17.7]| 143 | [0.7,29.5] | 10.7| [ 14.7,36.2] 27| [ 13.7,19/]
X |67 |[72207] |57 | [49 16.4] 9.4| [328,14.0] 45| [206,11.4] 0.1] [ 16.8,16.5
y | 6.1 |[263,14.1] | 29 |[ 17.4,11.6] | 105 | [ 14.8,35.8]| 55 | [ 95,20.6]| 56| [ 17.5 28.8]

Table 2. Mean di erences [95% Cls] for orientation range data between Xsens MTw and Xse@k Dot.
con dence interval. *Data presented for right limb.

Figure 4. Bland—Altman plots portraying the agreement between the orientations (combined &lkaytiv
collected using the Xsens MTw and Xsens Dot. Y axis—Di erence in orientation range values between the
Xsens MTw and Xsens Dot; X axis—Mean orientation range values the Xsens MTw and Xsens Dat;

during impact loadintf. We also observed low similarity in waveforms of the z axis diegaf shank sen
sors in all activities. Di erences in the orientation range values are however low, raogin@ 2 to 0.5°. e
Xsens DOT were attached to the skin by an adhesive tape, on thlesideof the shank to avoid them falling
0 during the activities, which is contrary to the Xsens MTw senwdrich were attached by a strap. As such,
lower similarity of the signal waveforms and higher di erences between sensors in orientation and acceleration
range values may not necessarily be explained by sensor performance but rather the di erence infgibsition o
sensors. Future research comparing IMUs may explore the impactsair positions on validation procEss

Direct comparisons with other research are di cult due to the largeabdiiy in terms of IMUs used,
study populations, functional activities, body site locations and statistical dodtlgtes. Kobsar et ain their
meta-analysis of validity and reliability of IMUs during walking, suggest thesa isting evidence regarding
validity of IMUs for accelerations measured from IMUs placed on the trunk, whereas data on orientations is
not present. As such, our results extend and signi cantly contriloutieet body of research by including both
accelerations and orientations during multiple functional activities, as well as a more ahgllisngmic task;
the vertical jump.

ese ndings have certain practical implications. First, Xsens D@ more lightweight and exible to use,
and less expensive than Xsens MTw, and as such, provides more exibility for clinicalbagb fopatient
and a clinician. In light of these ndings, Xsens DOT may ma#y be used for measuring physical activity
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Figure 5. ICCs (95% CI) for acceleration and orientation range values (session 1 vs. session 2); light grey
shaded areas indicate fair-to-high test-retest reliability; dark grey shaded areas indicate estekast
reliability.

Figure 6. SEMs for acceleration and orientation range values (session 1 vs. session 2).

levels, falls, gait stability and so forth. Integration of accelerometer and orientations signasabie more
accurate estimation of these metrics which are traditionally obtained through a bias-prone patigatirep
outcomes such as questionnaires. Second, despite their widespread use in biomechanical relsesinef, cali
accelerometer and orientation output to joint kinematics, physical activity levels orgu@stagnition, presents

signi cant methodological challenges. Di erences in biomechanics across populations, which are speci ¢ to
age and/or clinical disease present, mandates that algotithledineate these parameters from accelerometer
and orientation output be speci cally developed for particular populationserRatcognition methodologies,

such as those utilizing machine learning approaches, have the potential to signi cantly reduceassmgo
pipeline and improve the accuracy of accelerometer and orientation-based assessments of joint kinematics
physical activity levels, and/or activity recognition. Although this is not yet in place clinicaércreshows

that arti cial intelligence algorithms can reliably predict certain biomechanical pararditeng functional
activities without speci ¢ knowledge regarding the positibthe IMU relative to the attached segment or the
body characteristics of the weaféf.

LcFe—cm.. | 71(2022) 12:14619 | S——'e8 T'cA4'"% wWVAWVy~ ezw{s~aVXxxaw~ ~ z{astereportfolio
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Figure 7. ICCs (95% ClI) for acceleration and orientation range values (session 1 vs. session 3); light grey
shaded areas indicate fair-to-high test—retest reliability; dark grey shaded areas indicate esteldast
reliability.

Figure 8. SEMs for acceleration and orientation range values (session 1 vs. session 3).

Te— "t—1e— "1 ZSdcprd we>show mostly fair to excellent test—retest reliability of accelerations,
independent of who attached the sensors (researcher vs researcher or researcher vs partitipagh). A
direct comparisons with previous literature are di cult due to previously mentioned ndelbgical di erences
between studies, current ndings seem to be in accordance with previous literaturerLgyal® demonstrate
fair to excellent intra-rater reliability of accelerations obtained from a shank-mounted accelerometer during
walking and stair ambulation in healthy adults. Similarly, Kavanagh'&bhserved fair to excellent intra-
rater and inter-rater reliability of sacrum and shank-mounted accelerations during level walking ynrhakgth
adults. Our ndings extend these body of research, and are important from a practicat{pezspe long as
the person attaching the sensors on body locations has knowledge in anatomy (e.g., a clinician)adledas det
instructions provided (e.g., a patient), the same person does not need to place the sensors forgesebsiest
to obtain reliable acceleration readings. Nevertheless, we observed that seven out of 45 acceleration outcoms
had ICCs indicating poor test—retest reliability when the IMUs were attached by participants,etbtoparly
one outcome when the IMUs were attached by the same researcher. We notice that particgehts feer
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Figure 9. A methodological framework for data collectid@) @nd data processinB£G) using a random
participant's Xsens DOT data during a walking trid). lumber of participants; body site location for IMUs
placements within sacrum and lower limbs during the rst and second data collection session; Xsens MTw
(top sensor) and Xsens DOT (bottom sensor) IMUs with their sensor coordinate systems; functidties activ
during all data collections (squat, jump, walking, stair ambulatiBh)pdrticipants’ performed during all data
collection sessiondB) Data extraction and e ects of Butterworth Iter (shank acceleration data in y axis from
a middle of a walking trial)() Identi cation of start of movement cycles (thigh orientation data in x axig); (
Segmentation of signal€)(Signal interpolation;H) An example of inversion for acceleration signal during
walking trial; &) Extraction of all movement cycles data per outcome.

form the activities with a higher velocity during the last session (when the IBfgdsattached by participants)
compared to the rst session (when the IMUs were attached by the researcher) (Supplementary Tables S1-S3
e likely explanation behind this can be a learning e ect, and/or the fact that participants had only eresXs
DOT IMUs attached during the last session, compared to the rst session where they were additioppéyleq
with 17 Xsens MTw sensors, surface electromyography and foot pressure insoles (data not presesésd her
data collection in the methods).

Finally, we observed that test—retest reliability of orientations was mostly from fair to exdedietievsen
sors were attached by a researcher, however ranged from poor to exdedietthe sensors were attached by
participants. We observed lower ICC for orientations rangesafum and thigh compared to the shank. e
observation that the shank had the highest repeatability is perhaps not surprising ditles [thaer extremity
segments are strictly coordinated during locomotion to provideaige trajectory for the foot. Also, in terms
of repeatability of sensors placement, it is easier to locatepaigpe placements for shank given the presence
of reference points such as patella, tibial tuberosity or bula head rather than for thigh and sadicipatfta
could not see where exactly they were attaching the sensor over the sacrum. Also, DOT sensors were place
posteriorly in relation to the MTw sensors in the rst data collection sessiorDfign the third session how
ever, we did not use the MTw sensors so the DOT they were placed centrally, resulting in the di erent placement
location compared to the rst session. As such, the sensor positioned ogacthm may have been tilted in a
wide variety of ways due to the inaccuracy in positioning, and chamgjee position associated with postural
alignment or lumbar lordosis. Together these limitations have the potential to compromise theajwaien
tation data recorded from body-mounted sensors during human movement, especially undeettstoret
tions. is is an also an important nding from a practical perspectib&cause it means that orientation data
should be treated cautiously when the sensors are attached by di erent persons i.eche@reseaparticipant.

We acknowledge that evaluating test—retest reliability of accelerations in each axis has its limitatogé. Al
we have instructed participants to perform the activities in the same manner throughai aibiiection ses
sion, it was not possible to ensure the repeatability of the mo#j@ctory in each axis. To validate our results,
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we have quanti ed the Euclidean norm of acceleration, which takes into account all the axestogd®€s

and SEMs for the Euclidean norm of acceleration range values fams#tigh and shank during all activities

are presented in the Supplementary Fig. S11. We observed that ICC values for the Euclidean norm of acceleratic
range values indicated excellent or fair-to-high test—retest reliability in six and nine out of 15 cases, respectivel
when the sensors were attached by the researcher. When the sensaitsighed by participants, we observed

ICC values to be excellent, fair-to-high or poor in six, sikthree out of 15 cases, respectively. SEM for the
Euclidean norm of acceleration range values were below 3.indépendent who attached the sensors, except

the shank sensor during jumps when this was attached by part&ipant

—"Fe% —Se fet Z«<eFisf eontraryito previous validity and reliability IMU research, we did not
restrict our study to only walking assessment, but investigated multiple functionaliestipibviding rst
insights regarding potential performance of the IMUs in real-world movement behaviour. e secamst
of the study, is a comprehensive statistical evaluation, where we provide both absotatati®e metrics of
validity and reliability. For example, a waveform validity statistic takes into account the time-sdutemenfo
the signal, and therefore provides more comprehensive approach for examining validity of 3D acceledations an
orientation instead of the mean signal amplitude computed over several movement cyclesoFinakydwt
edge, we are the rst to evaluate the performance of the IMUs when these are attached on boatjosischip
a non-researcher and/or non-clinician.

is study has also some limitations. First, participants were healthy adults whadattegn single testing ses
sion. Further research is needed to assess the validity amdtesttreliability of the Xsens DOT in clinical and
older populations over a multi-day testing session. Second, although standardized, theravaigbth certain
limitations regarding the instructions we provided to participants about baitéach the IMUs on body parts.
ese should have been rst tested on members of the public and tatjusccordingly based on the feedback
received. ird, a researcher corrected participants in cdseytincorrectly attached sensors i.e., up-side down
or in a wrong body part. Although it occurred with several pawitip only, the e ects of this on the results is
unclear. Next, although participants had 10 min break between data collection sessions, sessmrallycca
le a mark on participant’s skin a er being removed. We consider titengial impact of these to be minimal;
however, it remains possible that the skin marks in uenced the attachment of the sensors in theestibesq
sions, and thus in uenced the test-retest reliability. Moreover, participants were alsaeedquigpsurface elec
tromyography and wireless in-shoe foot pressure insoles dimngst and second data collection. is could
have constrained their movement compared to the third sessiartjmgsn a di erence in accelerations and
orientations not explained by sensor performance Due thogeiogical constrains, we did not randomize the
order in which the IMUs were attached. Future research should consider randomizing the order of the attachment
of IMUs between researcher and participants. Finally, although leetedl data from both right and le lower
extremity, we decided to presented data only for the right limbdd\feot expect the results to di er between
the limbs, as these were healthy participants with no reporteidually observed conditions that would result
in a lower-limb movement pattern di erence. We conducted a paired samples t-test (normally didtdatzpe
comparing estimated load between right and le foot obtained from instruadgmtessure insoles at the time of
the data collection described in this study. e results showed there are no signi cant di erences between limbs
in this metric, independent on the activity and data collection session (Supplementary Table S4),ctlygestin
acceleration and orientation values between limbs were likellasomring the rst two sessions.

$-Ste

——1> T 1 - dShvasian observational study. All assessments were conducted during ongtid@ysahool
of Healthcare Sciences at Cardi University, in the period between September 2021 and December 2621. Report
ing adheres to the Guidelines for Reporting Reliability and Agreement Stuei&chool of Healthcare Sei
ences Research Ethics Committee of the Cardi University (REC791; 24th May 2021) approved the study.

f7—<...< fWe récruited healthy participants aged 18 years old from the university community via
adverts in university intranet, with no known neurological, cardiovascular, or hog&eletal conditions that
would a ect movement. Written informed consent was obtained from each yamicprior to participation in
the study.

fe'Zt ecoet .. [ Z erequteflsarhpld size i =16) was determined according to the recommenda
tion for estimating sample size for reliability studies, using =0.05, 16.3,p0=0.4 angp1=0.7, where is
level of signi cance, is the type Il errar,is number of data collection sessiguisis the minimally acceptable
level of reliability angl is the expected level of reliabffity

* & We collected free accelerations and orientations using two models of IMUs i.e., Xsens DOT and Xsens

MTw Awinda (Xsens Technologies B.V, Enschede, e Netherlands) (Talifeg.9A). Xsens MTw Awinda has
been used as the criterion system given its established validity against optoelectronic ntatesysents’.

All raw sensor readings (accelerations, angular veloaityy magnetic eld) are in the right-handed Carte
sian coordinate system, which is body- xed to the device and de ned as the sensor co-ordinate sydi&n (Fig.
ese are then tted into the Xsens Kalman Filter Core and dowmagéed at 60 Hz through a protocol called
strap-down integration to compute 3-D free accelerations (if)rafsd 3-D orientations (in degrees). 3D free
acceleration (acceleration subtracted by the gravity component) and 3D orientations from Xsens DOT and MTw
are accelerations and orientations of the sensor coordinate system with respect to the locadrearttieco
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Speci cations Xsens Dot Xsens MTw

Dimensions 36.3x30.3%x10.8 47.0x30.0x13.0
Weight 11.29g 169

Sampling frequency 60 Hz 60 Hz

Ranges +2000°/s,+169,+8 G +2000°/s, + 168 mis9 G,

Table 3. Technical speci cation of the Xsens DOT and the Xsens MTw. Dimensions: length x width x height
(mm); Ranges are for: gyroscope, accelerometer, and magnetometer; G- Gauss.

system, de ned as a right-handed Cartesian coordinate system with: X positive to the East, Y positive to the
North, and Z positive when pointing &i3*

f—f ...'ZZIEachparticipant underwent three data collection sessions during one dag #ait,
we took anthropometric measurements including weight, height, and body segments’ lengths. BilERsen
sensors were then placed on lower limbs and sacrum by a researcher (T@))(Fgllowing this, 17 Xsens
MTw sensors were placed in accordance with Xsens instrifétmnthe lower extremities and sacrum by TC
and on the trunk and upper extremities by another researcher (JW). e DOT sensors were held in position
with medical grade double-sided adhesive tape. e MTw sensors were secured using elasticated \fedcro stra
or were mounted on the Xsens suit. Each sensor was secured with adhesive one-sided medical tape to minimiz
any movement. e data presented in this manuscript is part of a larger study which collecaeftastatsurface
electromyography (EMG) and wireless in-shoe pressure insoles. e data from these systems were-being col
lected during the rst and the second data collection session. e EMG semgmes placed on the right and
le lower-extremity on the following muscles: rectus femoris, semitendinosus, biceps femoris, tit#aiis, an
gastrocnemius lateralis and gastrocnemius medialis. e placement of the EMG sensors and the ireshoe pr
sure insoles did not a ect the placement of the DOT and MTw sensors.

Prior to data collection, the MTw sensors were calibrated within the MVN Analyze Pro so ware (version
2022.01) by asking participants to perform a single level walk and stand in an N-pose (standing still with upper
limbs along the waistline). During this process the so warebbskes the relation between segment and sen
sor orientations. e Xsens DOT App (version 2021.0) on Apple iPhone 12 (so ware version 15.0) was used
to start and stop the DOT sensors, to assign the sensors to the smehi site location and record data. Each
participant performed the following activities while data from each sensor were smouisinbeing recorded:
double leg squats (eight repetitions), vertical jumps (eap#titions), level walking (twice 15 m, continuously
in a corridor) and stair ambulation (one oor level four times) (B®). Prior to performing each activity, the
participant was provided a demonstration by the researchers, and was &l@aska@ny questions. All activities
were performed by participants at their comfortable appr@acha self-selected speed.

Once all activities were completed, we removed all lower bodgrsere participant rested for around
10 min, and then the DOT and MTw sensors were placed by the samehes€EC). e upper body MTw
sensors were not removed during this rest period. e papait then repeated the activities in the same order
as during the rst session. Once all activities were completed, we removed all body sensors. eaparésipd
for around 10 min, and then placed by himself/herself ve DOT sensors on their lower limbs and sacrum accord
ing to written instructions provided by the researchers. e instructions were standataizd included images
and written text. Images depicted body site’s locations where each sensor needed to be atexdfedher
speci ed how to identify the body site’s locations in reference to other easily identi able anatamdiceires,
and instructed participants on the right orientation the sensors needed tabbkeatt In case of any doubts
regarding the instructions, participants were encouragedek slari cations with the researchers. Following
the attachment of all sensors, participants then repeated the activities in the same ordegabkalsgnond
session. We instructed participants to perform the activitiésdrsame manner throughout all data collection
sessions. If we visually determined the activity was performed di erently (for example with sigpinigher
velocity), the trial was repeated.

f—f ’'7"...%eeAlb@até processing and statistical analyses were carried out in MATLAB (R2020b, e
MathWorks Inc., Natick, MA, USA). Data collected using the MTw sensors were exported as an *.mvnx le and
then transformed into a *.mat le. Data collected using the DOT sensorexmoeed as an *.csv le and then
transformed into a *.mat le. Orientations from the DOT and MTw sensors eatlected in Quaternions, thus,
for the ease of interpretation, we transformed orientations into Euler angles using the @jeatdaiLAB
function with the ‘zxy’ rotation sequence. All data were Itered with a 6-Hz low-pass sedandatterworth
Iter (Fig. 9B). For the comparison purposes, we extracted data per movement cycle. For all activities, the start
of the movement cycle was de ned as local maxima in thigh orientatgis that preceded each local minima
(main through) in the signal, whereas the end of the movement cycle was de ned as the subsequent local max
ima that succeeded each local minima (main through) in thigh orientation x axi8QJrié er identifying the
indices that de ned start of the movement cycle, we segmented all the sign@dB)Higpr the data analysis
purposes, we discarded the rst and the last movement cycle. Because movement cycles di ered or length, f
the comparison purposes between and within participants, the cycles needed to be rescaled to 100%¢. To ident
data values at 1% intervals we interpolated cycles to 101 (0-100%) data poifE).(Sgcrum, thigh and
shank accelerations in x and y axes were inverted (for walking back), to account for change of direction during
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walking trials (Fig9F). All outcomes were segmented based on the identi ed movement cycles and extracted
for statistical analyses (F5). We divided stair ambulation into stair ascents and stair descents. We quanti ed
range of accelerations and orientations per movement cycle, de ned as minimum value subtracted from maxi
mum value. ese were calculated for each participant as an average of all movement cycles, bgfarebein
aged across all participants. No other post-processing was performed on the data provided byetisatso s

—f—<s—<...fZ fOopclirrent validity. To evaluate concurrent validity, we compared data obtained
from the DOT and the MTw sensors collected during the rst data collection session. First, the XsemslDOT a
the MTw sensors were compared by evaluating the acceleration and orientations waveforms uséay the lin
method (LFM). e LFM relies on the interpretation of the values of three parameters: 1 (mean variation of
DOT waveform for every one unit change in MTw waveform), 0 (shi i.e. value of DOT waveform when MTw
waveform is equal to 0), anti(square of the Pearson’s correlation coe ci@nstrength of the linear relatien
ship between waveforni)As such, if DOT is identical to MTw then the values of LFM parameters are 1=1,
0=0, P=1. Here, we mainly base our interpretation dwhere ¥ 0.75 indicates excellent concurrent valid
ity, 0.4—0.74 fair to good, and 0.39 poor. According to C&hémsocial science$value 0.12 indicate poor,
0.13-0.25 values indicate acceptable, and 0.26 indicate excellent validity. It is generally #ngtatiedue
be higher in technical sciences, hence we believe our criteria are valid. In addition, we evaluated concurren
validity by calculating di erences in range of accelerations and orientations across the movement cycle by using
Bland-Altman plot. Validity was evaluated for each activity (squat, jump, walk, stair ascent, and stair descent),
each body part (sacrum, right thigh, and right shank), and each sensor axis (z,x,y).

Test-retest reliability. To evaluate test-retest reliability of the Xsens DOT when the sensorstaaredaby

the researcher, we compared acceleration and orientation ranges from rst and the secondedtitm s#s

sions. To evaluate test—retest reliability when the sensors were attached by the reseapetngcipants, we
compared data from the rst and the third data collection sessions. Reliability was quiasthg the Intraclass
Correlation Coe cient (ICC) with the two-way random e ects model (consistency), and the Standand Err
of Measurement (SEM), for the acceleration and orientations range values. ICC re ects the relative reliab
ity, which is the degree to which two or more sets of measures are maintained eatedrepeasuremerits

ICC 0.75 indicates excellent reliability, ICC 0.4-0.74 indicates fair-to-high reliability, and ICC 0.39 indicates
poor repeatabilitf’. e SEM was quanti ed using the following equation.

SD refers to the standard deviation of the mean values of range$fiéronotiIMUs. SEM was used to evalu
ate absolute reliability and provides information on variability over repeatedirarants®. We used SEM for
descriptive purposes mainly, as, to our knowledge, reference values for acceleration and orientationstdo not exi
Reliability was evaluated for each activity, each body part andersbr axis.

f—f 7 f<Zf,<Zc=>
Range values of accelerations and orientations for all activities and each participant are indlislpdblished
article [and its supplementary information les]. e raw datasahalysed during the current study is available
from the corresponding author on reasonable request.
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