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Abstract

Nowadays clinical motion analysisisausual method. Moreand morelaboratories offer their facilities
and use this investigation for supporting doctors in their decisions. During the past two years a new
and modern on-line motion analysis system was established at the Department of Applied Mechanics
which is capable for acomplex analysis of the upper limb, the gait, the run, other cyclic movements,
and the spine. This paper focuses on the presentation of a new 3D motion analysis technique for
treadmill walking. An ultrasound-based 3D measurement system and a measuring arrangement
devel oped were used to measure and determine gait parameters during treadmill walking. The model
considers each limb segment to be arigid body, linked to each other by ajoint. Thispaper also presents
anew 3D motion analysis software package for treadmill walking and introduce the DataM anager
developed. We studied knee kinematics and temporal-distance gait measurement parameters (step
length, stride length, stride width, etc.) to be obtained from treadmill walking. Treadmill walking
allowstheanalysisof several cyclesof each subject. Onthebasisof theanalysisthe standard deviation
of temporal-gait parameters and the knee kinematics data of each subject can be established. The 3D
movement analysis system presented is a suitable and standardized procedure for quick gait analysis.

Keywords: motion analysis, gait analysis, knee joint, treadmill walking.

1. Introduction

Gait analysis can be described as afield of biomechanical engineering dealing with
the subject of human locomotion. By means of different measuring techniques
available, human gait data are captured (and further analysis and calculations are
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doneinorder to obtain all the datarequired for evaluating the quality of the subject’s
gait, including basic gait parameters, forces and moments occurring in the joints,
muscle activity during each gait cycle, velocity and acceleration of each segment
of the limb.)

Since the measuring and recording techniques for capturing gait patterns have
developed very much in the last decades, gait analysis is now frequently used in
the every-day practice of those involved in the rehabilitation of human movement.
Therefore gait analysis has its application now in almost al considerable fields of
human locomotion, both healthy and pathological [L0]. But there are also many
other fieldsin which gait analysis can be successfully applied, including sports or
athletic applications [10].

There are many software packages available on the market such as BioWare/
Gaitway (KISTLER), Ariel Performance Analysis System APAS/APASGait (Ariel
Dynamics), StepPC (Median Systems), BTSwin/GatELICLINIC (BTS Bioengi-
neering Technology & Systems), KinTrak/OrthoTrak (MotionAnalysis Corpora-
tion), MOTUS (Peak Performance Technologies), Vicon 250/ 512 System (VI-
CON), SIMI Motion (DataForce), and Anthropo (SIMI) [11]. A number of 3D
methods and techniques are specifically designed for the study of walking [L, 9, 12].

In the 21% century, only those methods and calculation techniques have an
economic value which can meet the following requirements:

* Preparation for the measurement and the whole procedure takes up to one
hour.

» No need for more than two persons’ assistance during the measurement.

» Theprocedure for the post-processing of the measured dataand printing does
not require more than one additional hour from one expert person.

e Theearlier usual errors caused by skin movements and positioning of devices
and marker clusters could be reduced to a minimum or eliminated.

 The evaluation technique takes several gait cycles (min 5-15) into consider-
ation because their differences can significantly characterize the gait investi-
gated.

» The model used can be easily changed and adopted to the requirements.

+ The space (room) required is less than 20 n¥.

Unfortunately, the most frequently used gait analysis methods do not fulfill
the requirements mentioned. We really appreciate the long and tiring work that
has to be done by scientists to get usable results from the measured data, but more
economical techniques must be used if we would like to apply gait anaysis for
every-day clinical practice as MRI or CT are used.

The errors of the measured data mean areal problem. The software packages
used can answer almost all the questions, but the results sometimesarevery far from
reality. There are very precise active marker systems (infrared, ultrasound, and
magnetic), able to determine really accurately the spatial position of the markers.
These systems have to be used. Another problem is the errors caused by skin
movements. The markers are mostly mounted on the skin of the subject. When,
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during amovement, the skin slides compared to the bone, this unambiguous rel ation
between marker and body segment is lost, which may have consequences for the
validity of measured results [5]. The traditional marker placement scheme, where
the body segment axis in lower extremities is derived from skin marker positions
on the anatomical landmark of the ankle, knee and hip, is not ideal in this respect
[4, 15]. Suchinaccuracieshaveinspired the development of other marker placement
schemes, where markersare mounted on relatively stable skinlocationsand thejoint
rotation axesand centersare subsequently derived through acalibrati on procedure or
calculation[1, 7] Further problemsrelateto the model sfor datareduction, movement
representation and the not fully automatic calculation of different parameters [L4].
This paper describes a special method and technique for measuring gait, raw
data corrections, post-processing of measured data, and determining all possible
parameters of human gait developed at the Biomechanical Laboratory of the Bu-
dapest University of Technology and Economics. This method and technique are
objective and quantitative and solve amost all the problems previously mentioned.

Triplet 5 (sacrum),

Ultrasound Markers 13-15

measuring head

Triplet 2 (right

Triplet 4 (left thigh), thigh), Markers 4-6

Markers 10-12

Triplet 1 (right
calf), Markers 1-3

Triplet 3 (left calf),
Markers 7-9

Fig. 1. A subject with triplets on the manual treadmill, with only one measuring sensor
positioned at the back of the subject

2. Subject and Method
2.1. Subjects

The study population consisted of thirty-one men and twenty women. The average
agewas 31.70+4.1 years; themean height 1.71+0.12 meters, and the mean weight
72.1+ 25.2 kilograms. For inclusion, subjects were not to have any pathology that
would affect gait and had to be unfamiliar with treadmill walking. Each subject
provided consent before participation.
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Fig. 2. Arrangement of the measurement and the markers during the calibration phase

2.2. Method

A very simple idea can absolutely eliminate or neglect the errors caused by skin
movements. Let’'s use external marker clusters on rigid plates, to be fixed on the
investigated body segment by a method which insures a fix and stable position
of the clusters during motion. During the calibration phase of the measurement,
anatomical points should be added to these clusters as points of the samerigid body
determined by the cluster. During the measurement, from the spatial coordinates
of the markers positioned on the cluster, the coordinates of the added anatomical
points can be easily calculated from the following equations.

Denoting the markers positioned on the cluster and their position vectors by
1,2,3and R, R, and R; the unit vectors (e;, g, €,) of thelocal coordinate system
fixed to the cluster will be calculated by [3]:

(R~ Ri) (Re—0.5(Ri+Ry))
TR-R) T (R-05(RFR))| = =2

Denoting, in thelocal coordinate system, the constant position vector by
o =&p& +1pPEp +5pp

its scalar coordinates can be determined by:

o= (Re-05(Ri+Ry)) e
np = (R_E—O.S(EI—FE;)) *e,
p=(Re-05(Ri+R)) e
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Fig. 3. Position of anatomical points and triplets for the 19-point-model. (1) right medial
malleolus, (2) right heel, (3) right lateral malleolus, (4) right tibial tubercule, (5)
right fibula head, (6) right lateral femoral epicondyle, (7) right medial femoral
epicondyle (8) right great trochanter, (9) right asis, (10) left medial malleolus, (11)
left heel, (12) left lateral malleolus, (13) left tibial tubercule, (14) left fibula head,
(15) left lateral femoral epicondyle, (16) left medial femoral epicondyle (17) right
great trochanter, (18) left asis, (19) sacrum. (I-111) triplet on the right calf, (IV-V1)
triplet on the right thigh (VI1-1X) triplet on the left calf, (X-XI1) triplet on the left
thigh, (X11-XV) triplet on the sacrum)

Here *x denotes the values obtained from the calibration phase.

During the measurement the global coordi nates(BP) of the anatomical point
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P will be calculated by:
Rp =05(R, +R,) + p,.

By the technique described, any number of anatomical points can be positioned to
agiven cluster; and by an on-line system, the spatial coordinates of the anatomical
points can be calculated and presented on the screen already during the measure-
ment. If the cluster isfixed correctly to the body segment, no arbitrary skin move-
ment under the ‘hypothetical anatomical point’ has any effect on the result because
the anatomical points are fixed as rigid body points to the cluster.

An ultrasound-based on-line active marker system came into consideration,
which used special clusters named triplets (three small microphones were mounted
on aplastic plate and could be correctly fixed on the investigated body segment). A
specia pointer existed already to specify the spatial coordinate of an invisible point
using two microphones mounted on the visible part of the pointer. Zebris GmbH —
the owner of the system mentioned —devel oped a special software (ArmModel) that
follows the technique described earlier to fix the anatomical points to the triplets.
This provides us never supposed opportunities for precise measurements. Later we
extended the method described for gait analysis, but in this case we also devel oped
anew measuring arrangement:

The new measuring arrangement developed for gait isasfollows: the patient
iswalking on the treadmill, and the measuring head is positioned at the back of the
treadmill. The triplets are attached to the sacrum, the thighs, and the calves, and
are positioned backward (Fig. 1). The measuring head consists of three small ultra-
sound sources, which can be connected directly to the basic processing unit. Three
ultrasound sources on the measuring head work sequentially and are mounted at a
predefined distance to each other. During the calibration — by pointing thetip of the
pointer to each anatomical point (on the surface of the skin) and pressing the button
on the pointer — their location in space (with respect to the defined global coordi-
nate system) is registered by scanning the signals of the pointer’s two ultrasound
microphones (Fig. 2). The order of the anatomical points is fixed according to the
biomechanical model applied and has to be considered when recording them isthe
program (Fig. 3). During the motion the measuring head sensors send steady pulses
to the marker and the delay of the signals is measured. The absolute coordinates
in space are calculated by triangulation. From the coordinates of the triplets, the
computer connected calculates on-line the spatial coordinates of the investigated
anatomical points virtually linked by a pointer to the appropriate triplet.

In this case the anatomical points can be positioned at the ‘invisible’ side of
the body segments, because only the ultrasound heads have to see the measuring
triplets.

We use atreadmill allowing recording multiple gait cycles, and the statistical
analysis of the disturbances. Walking on the treadmill can initially be an unfamiliar
experience. This, in turn, can influence the measured parameters. Therefore, the
measurement starts after 6 minutes of familiarization time [2, 8]. After calibration,
the patient can start walking. Arbitrary gait cycles can be measured for further
statistical analysis of the gait parameters.



BIOMECHANICAL MODELS

This workbook is developed in the

Dept. of Applied Mechanics

Coordinate

Data correction .
transformation

Budapest University of
Technology a_nd Econo

n Reharoh ManazeN
2000-2002 Cheat: [ Munkams
Authors Hal I d
. % — 0 | Purge | Process | Trarsform  Select I
Jurak, Mihaly Cear | o115
S - - Points Seleck I ™ Time column
Kocsis, Laszlo W1, rm VIS, mm =
W1, Y16, Z1E, Headers
. w17, mrn ¥17,mm Z17,mn
allrights reserved. S18,mm Y18,mm Z18,mn show al
#19,mm ¥19,mm Z19,mn
Contact address: kocsis@mm.bme.hu m. qvadr. c.med.Id.,m¥ r Show within lirmits
m.add.maqg.ld. my m.qve
g,y . add. Crop data ko limits
Sarial Number -
00172000
Registered owner ar:heet
BME MM (REHAROB project) Giinctes
all Mane | Auto data procer\l\ Close
The module is running only with Excel 2000 |
e Doy | Data series Automatic data
process

Fig. 4. Opening page of Data Manager

A EM Autoprocess Window
1 Marme: dr-rrefl Batch process
2 |Application; Ammb 7 EMG process I¥ Clear spies 30 — [CiMunkat Gait\DMRMF 1L TAT], DMRMFL
(3 |Creation date: 05/ "EM6 | ¥ Eutendclears l_l = l—U
4 |Points: { cquadr. c 5. I Select
5| hed1 (@487 - vt e, 5] || I Smocthcoerd [ 5 m pypm— 1O | Purgs | Pracess | Transform  Select |
= - m bic.Fem.c 5
B | bed2: (4242 - maddman 6= | I Smooth nalag 5 Files selocted n s Select | ™ Time column
7 bed 3; 3105, - §,mm ¥15,mm 215, mna | -
) B mach I transform to lacal C5 sppendname | = || [6,mm vie,mm z1g,mn Headers
2 wach i [ 7 1t D5 e &m Vimn £1amn ol
A0 |Frequency Hz: 90 305 header Process files 9,mm ¥19,mm Z19,mn
5 quadk. c.med.Id.,m¥ © Show within limits
%Coum' 1870 EMa e li sge | et =l add,mag I, my m.ave ——
= 50 l—_[ Lbic. . rop data to limits
13 |Time,ms | X1,mm el l— Size narmal ¥ z_left, v _—
14 decimats 36 -
51 in = Type | Bhow in chartshest
16|
7| 14000 Auto data process | Close
18| 12000 ——
% e Data process window for
gy | automatic calculation
‘72| 000
23 by
Sam :EEE ‘ I E——
= Y ol FI/N (R N T Y X
2 ol RS TR LA R R TR l'"' L View of measured
2 e b T ) data
25
[N T

Fig. 5. Automatic calculation tool



8 L.KOCSISetal.

.
s o b e Tl
o s el rare s rm el ey

m. qradr. c.med ld. m¥ m.qradr.c.med.ls. m¥

{
i

%

m_qradr.c.latls_ =¥

J

|

Fig. 6. Co-ordinates of anatomical points, vertical reaction components, and EMG enve-
lope curves presented as a function of the gait cycle
2.3. Assessment Parameters

The ArmModel software package is able to determine only the spatial coordinates
of theanatomical points predefined inthe program. Theraw dataarefurther refined,
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filtered, and post-processed by the newly developed DataM anager. DataManager is
amacro-program for use with MS Excel, developed at BUTE for the international
research project ‘REHAROB’ [6]. It is subdivided in several parts and enables the
analysis of data measured by ArmModel (Figs.4 and 5). The main program allows
the preparation of the measured data (e.g. elimination of errors) for further analysis
by other modules. Automated batch processing of multiple datafiles with the same
processing parameters is also possible. The package permits to divide the motion
into periodic gait cycles (Figure 6) and demonstrates all these gait parameters as
a discrete function in each cycle. The measured gait coordinates and calculated
parameters can be displayed in a diagram from 0 to 100% of the gait cycle. The
parameters can be represented either relative to the right or to the left side cycle.

Temporal-distance gait parameters may be analyzed with individuals walking
on atreadmill [13], and compared with normal values in literature. The following
temporal-distance parameters are cal culated from the coordinates of the anatomical
points:

« stride length — the distance travel ed during one stride measured between one
heel strike to the next heel strike on the same side

* step length — distance between the hedl strike of one foot to the heel strike of
the other foot

* step width — mediolateral distance between the feet

« stride time —duration of a single stride.

Knee angles of the gait cycle play a magjor role with regard to the energy
expended during walking and are commonly affected by pathol ogical disorders[L3].
The knee angle is defined as the angle between a spatial vector joining the lateral
malleolus — fibula head and a spatial vector joining the lateral femoral epicondyle
— great trochanter (Fig. 7). For each subject, knee angles were calculated in four
positions including initial contact, midstance, and peak values of extension and
flexion. Midstance was defined as the point when the knee joint had attained
maximum flexion after initial contact.

The behaviour of the knee depends on the movement of ligaments. The mo-
tion could be described by the newly defined relative ligament-points-movement
parameter, which is the relative maximum displacement between the two charac-
terized points of the knee. The two characterized points of the knee were chosen
so that the line between these two points is closely parallel with the investigated
ligament (Fig. 8).

3. Resultsand Discussion

The validation of the new technigue is shown on a few selected spatial-temporal
parameters and knee joint kinematics.

Spatial—temporal variables such as stride time, stride and step length, and
walking base are derived from the temporal and spatial coordinates. For each
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Fig. 7. Definition of the knee angle («). The knee angle is defined as the angle between
astraight line joining the lateral malleolus — fibula head and a straight line joining
the lateral femoral epicondyle— great trochanter.

lat. femeral
epicondyle

tibial
tubercule

Fig. 8. Definition of the ACL movement parameter. The ACL movement is defined as
the maximum displacement between the tibial tubercule and the lateral femoral

epicondyle.

subject, the average and the standard deviation of parameters were determined
from six complete gait cycles. Fig. 9 shows, as an example, the stance, swing and
double support phases for one subject’s steps. As can be seen, these parameters
differ in each gait cycle analyzed for one subject. The other parameters show
similar differences, which are not significant (p > 0.47). Tablel summarizes the
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average values and standard deviation of these quantities for healthy female and
male subjects. On the basis of the results we can establish that the step length and
thewalking base of the right step are greater (5-10%) than those of the left, and the
step length, the walking base and the stride length of female subjects are smaller
than those of males. The spatial—temporal parameters presented in this study agree
favorably with values found in literature [13].

Fig. 10 shows a graphical representation of one subject’s knee angles. As
can be seen, the knee angles differ in each gait cycle, similarly to spatial—temporal
parameters. No statistical differences were found between the left and right sides of
one subject (p > 0.55) and between these values of subjects (p > 0.39) (Tablel).
The definition of the knee angle presented in this study does not evaluate frontal
and transverse plane components. This is important in some pathological gaits,
where essential abnormalities occur in these planes. The knee angle is not zero at
extended legs, at heel-up phase of gait (Fig. 10), because the knee angle models
aso the anatomical angle between the femur and the tibiain frontal plane.

The relative ligament—-movement parameters are closely the same in each
gait cycle. On the basis of the results we can establish that the relative ligament-
movement parameters of male subjects are closely equivalent to the femal values
(Table 1). No difference was found between the values of the right and |eft sides.
The relative ligament—-movement parameters were used to quantify thetibial trans-
lation into the direction of ligaments. The measured data represent that the relative
ligament—movement parameters do not depend on sex and the dominant side. The
values of these parameters depend only on the movement of the tibiawith respect to
femur and on the trandation-motion of the femur’s condylus, which depends only
on the anatomical state of the knee.

0%

60% -

50%

A0% H O |_stance [%]
B _swing [%)]
30% Ol1_Ds [%]

20%

10%

0% +
1 2 Z] 4 ] i 7 8 ]

Fig. 9. The stance, swing and double support phases shown at one subject’s steps
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Fig. 10. One subject’s knee angle function in time divided into gait cycles.

4. Conclusions

The method suggested needs less space for gait measurement and uses only one
measuring head positioned at the back of the treadmill. In this case the errors of the
displacements perpendicular to the sagittal plane are reduced, and the handlebars
of the treadmill and the arm movements cause no disturbances. With a special
force platform some more information can be measured about pressure distribution
during the gait, and thisis very useful for clinical application.

This new ultrasound-based motion analysis system can be used for the in-
vestigation of professiona athletes. We developed a method for investigating the
cyclic movements (cyclists, rowing etc). On the basis of these measurements the
coaches, doctors and the athletes can get useful information for training design.

The described powerful and very advanced measurement method for the
analysis of the lower limb has been well established in biomechanics research and
clinical applications for along time.
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Table 1. The average values and deviation of gait parameters

Parameters Average Standard deviation Parametersin

literature

Step length [mm] 513.3 26.6 350-790

Stride length [mm] 1012 25.47 600-1700

Walking base [mm] 40.9 8.2 9-75

Stride time [msec] 984 47.2 800-1780

Knee angle at initial contact (peak 55 0.21 2-34

value in swing phase) [degree]

Kneeangleat midstance (peak valuein ~ 21.47 0.42 1040

stance phase) [degree]

Knee angle at heel rise (peak value of 6.47 0.14 0-11

extension) [degree]

Knee angle in middle of swing phase  55.87 0.71 2590

(peak value of flexion) [degree]

Relative ACL-points-movement para- 0.25 0.014 -

meter [-]

Relative PCL-points movement para- 0.34 0.016 -

meters

Relative LCL-points movement para- 0.32 0.032 -

meters

Relative MCL-points movement para-  0.062 0.0044 -

meters
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