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ABSTRACT

Human gait has beertuslied in biomechanical andimical
ressarch for a lorg time. Rekarcherause manydifferent took to
deted¢ and analyze human walking motios. 3D kinematic data
cgptured by motion capture gstem is one of powerful toolso
andyze the human motiors. However, not manyresearchesave
focusel on coordnation of uppe extremities during human
locomdion. In this paper, ve introdice the concepof featue
extractionsto analyze the uppr and bwer extremities on hunan
gait. For andyzing coordinationbetwea arm joint andleg joint
movement, we developed a gait \amation tool to mease
velocity and age of each am joint and leg jont pair, and
compare theedifferent gaitspeedge.g., slowwalk, casual wik,
and fas walk) for each feature exdction.

Keywords
Upper Extrenties, Lower Extrenities, Gait Cycle, Motion
Capture, ANOVA, Motion Dag, Featire Extradion.

1. INTRODUCTION

Walking is the mog comnon daily-functional activity among
people.When people walk, swinging motion of their arra along
with bipedal ation is a natural human behavioPostional and
rotationd movementf handand leg jointoccur in a coordinated
fashion between upper and lomeody ssgments However,thes
adionsmay notbe verywell coordnated in disase &tessuch as
arthiitis. This smoothnes and coodination in huran novenent
is refleded in thecompleity involved in desgning the walking
motion in a humanoid robotThefore, it is important to
undersand the biorachanicsand coordination of uppendlower
extremty movenentswhile walking. In partcular, the rotational
movementof handandleg joints a corelation between psition
of arm jointsand legjoints (position angles of lefarm and right
leg and right arm and leftleg) and acomelation between
acceleration of rotdonal movenrents of am joints andleg joints
are important totady.

There are manydifferent tools and techniquego analye
human gaif1][4][6][13][10]. 3D kinematic motion datagptured
by the 3D motion cpture ystemis one of powerfultools to
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Figure 1. Motion data andysis flow

cgpture humammotion. The advantagesf 3D motion data arel)
visualizing positional and angular changes diuman joints
without any extra visualiation tool and 2) capturingspeed
acceleration of each bodggments

In this paper,we try to gudy the valking pattern ofhuman
locomotionand handand leg coordiaion using 3D kinematic
data. Our main objectiveis to understand and anag/walking
that can provid the guidinginformation for a naturahumanwalk.
To find correlations betweearmsand legswe cho® the cros-
pairs of data in upper andlower body segmentsIn order to
undersand thenaturd human gait, obviouly, we @nnot ignae
the bdancing coordination of pendar movement of ars For
this, we ntroduce agait cycle visualzation tool and analyze the
positional correlation of crgspaied arm andeg kinematic -- left
arm joint/right leg joint (LHRF), right arm joint/left leg joint
(RHLF). Our daa analysis indicated thatthere are 11 feature
points (see chapter3.5 for detal explanation on featue
extractiong which can distinguishthree walkingspeedf natural
human gait pattern.igure 1 showsthe flow of our approach to
visualize and aralyze upper and lowethuman bodysegments
during the gé cycle.

2. Related Study

Thelong historyof gait study started with thedevelopmentof
photograph at theearly 1900 [7]. Many researbers studied
normal gait as well aslocomdion after cettain dsability factors
suchasstroke, Rrkinsoniam, Cerebelladisease and soon[1][4]
(8][15]
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(a) Postional time series
Figure 2. Threevisualized time series

2.1 Gait Capturi ng Tool

Many different tools heve been wsed tocgpture featues of
human leomaion which cannot be seen with tmeked eye. [8]
introduced three neasurenent toolsin Biomechanics: 3D motion
capture systems (br measuring kinematic$, force plates (for
measuring  kinetics), and Electromyography sensors  (for
measuing electrical musle activity).

However, tlse tools have some limitations—cog
effectivenes and probabilty. Recetly some reseahers were
focusel on moe affordable soldions An accéerometer isone of
the toolsto captue quantitative datbhecau of its portability and
relative accuracy4][6][13].

Kito andYoneda useda light weight dstance meteto measre
the peed and anglef paticipant to se whether the cycle
durationis the dominant factor [10Q]

2.2 Upper Extremitiesduring Gait Cycle

Compared to the longhistoly of gait analgis, the stady on
upperextremities during gait has a relativelghort higory. The
pendularaction of hand swing during human locomotion has
more degrees ofreedom than gait thereby making it nore
complicated to anale human locowtion [11]

P. Requejoet al. used compresson-closng footswitctes and
3D kinematic nodel with 7 rigid body segmentson upper
extremites and computed cadee, walking speed, stie length,
stance durationand eah joint angle. For data analgis, P.
Requejoet a. used thorax, shoulder, elbowdawrist in the upjer
extremties to cdculate sagittal plane joint mtion (flexion/
extensiof and captured the peatrée and eeh joint angle [2].

B. Slavenset al. used3D kinematic model withthe upperarm,
forearm, hand, uppecrutch (UC), and lower crutch (C), to
measurecrutch ped forces [L3]. However, both[13] and [12]
particularlyfocused on walking with crutches
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Gait Cycle

(b) Velocity time series

Gait Cycle

(c) Angular time series

R. Emnerik and R. Vligenar used an accelerometer
compute peal aswell asangles of two groups of peple (control
group and Brkinson’s disease group) walking on a comper
controlled treadnill. For data analsis, theyused four dfferent
setsof joint pairs 1) left am/right arm 2) left leg/ight leg, 3 left
arm/left leg, and 4) right arm/righeg [4].

J. Sephensorgt a. measurd the selfselected peed of nomal
walking and faswalking speed between the healtmpup and
the stoke group Then, theycaptued the relative phaglag
betwea the pe& shoulder angle and the peek hip angle) and the
frequencyrelaion on hip andIsoulder angle timeesiesto assss
the coordinatin betwea upper and lower esmities[14].

3. Experiment Procedure

In ordeto analyze the featurepoint, we madea visualization
tool using Matlab. In ourappro&h, ingeadof obsrving afixed
gaitpercentpoint, we choseeveral unige fedure poins for each
participant. $hce each walking trial with the same participant
havedifferences in their gait cycles it is nore rdevantto choose
feature pmt dynamially rather tlan tochoosea fixed gait cycle
point (e.g., intead of choosing 65% for phase change pdin
choose an actual phashange point in each individual)

3.1 Participants

We conducted walking datacollection in ten fealthy
participants Eight malesand twofemales with agesof 23 to 53
yeas old performed walking motionis a controlledenvironnent
(Table 1). Each partipant performed five trialst three dfferent
walking speedsFor the daa accuracy insead of walking on a
treadmill we askd each participant to walk aheir self-selected
three diferent valking velocities.



Table 1. Paticipants’ Physicd characteristics

Median Mean STD Min  Max
Age (yeary | 29 326 11057 23 53
Height (cm) | 175 1738 7159 156 181
Weight (kg) | 75 73.72 11.01 508 89

3.2 Data collection
For analyzing upper and lowerxéremitiesin human gait, we

used 16 Vicon MX cameras to capture 3D kinematic data. The

cegptured 3D motion qature d#a gives the positionalnd
orientation& information of 19 bodysegmentsat a frequencyof
120 Hz.

3.3 Preprocessng

Partcipantsinitially stodd still and garted valking by noving
higher foot forward. Inour expeiiment, paricipant is walking
along thex-axis FHgure 3(a) illustrates the original data @ptue
from the 3D motion capture sgtem. Notte that once the
participant'sleg rezhesits peak stride,it doesnot move, so the
line curve emains flat. To obtain an accurate watkimotion the
origin movesalongx-axis with human locomotion(Figure 3(b)).
Figure3 (c) repregnts onegait cycle segment of aholewalking
motion.
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Figure 3. 3D motion capture time series dta
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3.4 Upper and Lower Extremi ties

Visualization Tool

The mostcommon obsemble featuresn gat analysis arejoint
postions joint angks, and jont velocities[17][16]. We propos a
visualization tool tha canhdp to visualize thee threedifferent
aspectswith crosspar wise analysis: left lower body segments
and right upper body segmentsand vice vesa. Thepositional
time ries Figure 2. (a)) capturesthe stridelength as well as a
phase hange point irthe gait cycle from stancepha® to swing
phase.The velocity time series (Figure 2. £)) captures geed
variationoccurringduring thegait cycle in three bodysegments
Finally, the angular time esies $i1ows the agle changeswithin
each ggment'smovementgFgure 2. (c)).

3.5 Feature Extraction

For observingand finding the correlation between leg joint
movementsand arm j;mt movements we u®d cross pairs of
upper extemitiesand bwer extremities shce onemajor function
of the arm motion ding walk is balancingTo conpare three
walking speds (sbw walk, nomal walk, and fat wak), we
carfully sleded 24 feature paoints for ead cros pair set. For
cross each pairet the ipdlateralis the sandard ofthe gaitcycle.
For examps, RALF feature pointsare calculated bed on the lef
leg gait cycle and vice vers. Ineach pair ®t, we chos the bree
body segments a humerussegment, éand segmnt, and afoot
segment (Figure 4).

For featue extraction, we condered two selection pointsl)
the pha® change point fromstance phasto sving phase thatare
variesin each participanand 2)velocity time seres has ma
noticeable changedefore and afer a phag change. Evely
participant hasdifferent walking pattens and phase change
moments Even wthin the sare participant during dfferent
walking trials, thoe noments arenot smilar sonetimes. Hence
we identified the followingas our featurepoirts: velocity time
series’ pick points, phags changepoint andzero velocitypoints
in the upper extremities. Table 2 and Figbiadicae our feature
points

For measuringspeal and angles D the leg andarm joint
motions we ugd time and disince differentiation (1&ndvector
angle function (2); and a 3rd der Butterworth filter with
normalized cutoff frequencef 42Hz. We set the participant’s
waist as the origin of each axistherebre for measring angles of
eacham andfoot segment, we & a vectorfrom an oigin(waist)
to aclavicle as a base v and use &tanfunctionto measue
angles between’@o 180 (See Figure 4 anddgation 2).

Velocity(t) = % ,wheretis timeandx is distance 0

3 ‘B(t) X C(t)‘ )
Angldt) = arctarEB(t).C(t) ,

wheret is timeandB(t), C(t) arejoint vecbrs
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Table 2. Feature ponts

Feaure Description
F1 First down peak speed(Humeyus
F2 F1Angle(Humerus)
F3 Gait perent m Speed #ro point (Humerugs
F4 F3 angle(Humerus)
F5 Phase changeoint (Hunerug
F6 F5 angle(Humerus)
F7 Slopeon phase change point(Humerus
F8 First up peak speedumerug
F9 F8angldHumerus)
F10 First down peak speed(iid)
F11 F10angle(Hand)
F12 Gait perent ;m Speed #ro point (Hand)
F13 F12angle (Hand)
F14 Phase changeoint (Hand)
F15 F15angle (Hand)
F16 Slopeon phase change point(Hand)
F17 First up peak speed(Hand)
F18 F17angle(Hand)
F19 First down peak speed(Foot)
F20 F19angle(Foot)
F21 Last down pak peed(Fod
F22 F2langle(Foot)
F23 First up peak speed(Foot)
F24 F23angle(Foot)
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time series For fully implemented verson of Tool refer
Appendix A)

3.6 Data Analysis

For data analgis, we usd the one waynalysis of Variance
(ANOVA) to compae three different speeds ot HRF andRHLF.
The ANOVA is one of statistical analysis technfjues.One way
ANOVA tests for the difference amongtwo or more of
independengroups To see the difference among groups-ted
and p-value are used. Igened if the F-valueincreag the p-
value decease. Equation 3-éndicates the calculatioof F-value.

=
(59400

SSiiin = z Z (Y-M )2 (4)

a n

SSmong=NY. (M -G)? (5)

1
G—%Za:ZH:Y (6)

Where, SSmongis the sum bsquares amangroups
SSuithin denote the sum of squaresvithin groups
a isthe numler of groups,
n is the nurber of obsenations within each group
Y is individual obgrvationswithin each goup
M is a mean of each group
G is grand mean.

F= (3)

For feature analsis, we set twalifferentconparison aspects

1) Comparison on theedifferent peas of LHRF and
RHLF.
A. Dependent parameter: walgesd
B. Independent parameter: Each feature pbin
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Figure 6. Participants data analysis result of feature points

2) Comparison on among giipants eac feature point
of LHRF and thos of RHLF.
A. Dependent parametervéry participant
B. Independent parameter: Each feature point and
walk geed.

Since each paticipant had adifferent gride lengths and
walking speeds we nomalized eals person’s performance and
compared the speed variations for comparson on each
participants performance.

4. Resul

Based on the analgis of ead peron’s LHRF and RHLF pair,
we found thatthe feature pints F2, F4,F6, F13, F15, F20, and
F22 were gnificant with p<0.01 during thiag walking trial; F1,
F2, F4, F6 F11, F13, E5, F20,and F22during the normal
walking trial; and B, F2, H, F6, P F13 A5, and F2 duringthe
slow walking trial were signifi cant with p < 0.01 (Figuré(d)).

Forcomparignsbetweenrevery paticipant’s featurepoints, all
feature points were significantly different with p<0.01 inall
walking speeds This indicatesthat every paitipant hashis/her
unique gait patterr(Figure 6(3 and €)). In fact thee were
significant differences from trial to tial within the ame
participant. (Figuré(b)).

For canparison regit amongthreedifferentwalking speedsl0
feature pointgF1, F7,F8, FLO, F14F16, F17 F19, R1,andF23)
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Walking Speed
(d) Comparison betwee three wkking speeds — Left
hand $ope at the phashange point (F16

on LHRF; ard 11featurepoints(F1,F7, F10, F11, F16, F171B,
F20, F21, F23and F24)on RHLF were sgnificant with p<001
(Table 3).

The nost comnon area of ignificant feature points on the
compari®n among three walkpeeds occurred at the FF7, R0,
F16, A7, F19,F21, andF23. Basedon this result, we may
condude thatwe can differentiatethree diferentwalking speeds
in each participant athose featurgoirts. For &ample, if one
participant in exgriment grouphas his/her slope at the phas
change pant of left hand pedd is 13(normvalue), it nay indicate
thatthis per®n’s walking speed idikely in the fast walk categoy
(Figure 6(d)). Of course, weneed to corider other gnificant
feature poits for better undetanding of the overall perforance.

Table 3. F and P-vale of three dfferent walk speed

LHRF RHLF

Feature F(2,14) | p-value F(2,147)| p-value
F1 25.7902( 2.51E-10| 22.633| 4.21E-09
F2 0.3667 0.6937 0.2137 0.8078
F3 6.0032 0.0031 3.0124 0.052p
F4 0.0023 0.9977 1.0869 0.34
F5 1.4189 0.2453 2.3886 0.0958
F6 1.3918 0.2519 0.9973 0.3714
F7 22.623| 2.72E-09| 20.418 | 1.47E-08
F8 8.0811| 4.68E-04| 0.5039 0.6052
F9 1.4836 0.2302 0.7005 0.498




F10 12.0078| 1.48E-05| 13.9943 2.73E-0p
Fl11 1.4701 0.2333| 11.0879 3.27E-05
F12 1.0356 0.3576 5.2813 0.0061
F13 1.6026 0.2049 0.6966 0.4999
F14 5.7904 0.0038 0.6139 0.542¢6
F15 1.3918 0.2519 0.9973 0.3714
F16 167.969 0] 135012 0
F17 38.9975 2.59E-14| 29.6011 1.57E-11L
F18 2.8499 0.0611 0.7807 0.46
F19 75.3389 0] 82.5785 0
F20 3.4983 0.0328 7.573§ 7.40E-04
F21 141.59 0] 183568 0
F22 0.0333 0.9672 1.8547 0.1601
F23 84.2788 0] 73.7293 0
F24 3.0466 0.0505 5.3545 0.005y

5. Conclusion

In this @per, weintroduce d tk concept otross pair wise gat
andysis of uppe and lover etremties as well as the
visualization tool for human locomotion. The objective ofir
approachis to find feaures that an separate disctive walking
speedsand find the normal walking pattern. Fo this we
introduced the upperand laver extremities visualization tml
which visualizs extracted featuresf the upper bdy segments
during human gait to understand acyrrelationbetween uper
extremties and lover extremities.

Compared to thdimited degree of freedomf gat, arms
have nore freedomwhich makesthe study of upper extrenities
more difficult. 3D kinematic data isaspowerful as ay other gét
cgpturing system, ‘et it only provides the visble novement
andysis of human gait. ® better uderstand natural walking

motion, it is necessry to integrate external data (e.g., 3D

kinematic data) wth internal brce data (e.g., kietic data).
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Figure 7. Gait Cycle Visualization Tool
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