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Abstract— This research proposes to develop a method for
separation of superimposed ground reaction forcesGRF) and
centers of pressure (CoP) during the double stangehase of the
normal adult gait. Under the assumption of consistecy of the
normal adult gait, generic GRF and CoP models weremade from
gait data of 10 subjects. Moreover, in order to impve the
accuracy of the separation, we proposed a fusion el into
which these 2 models were combined. This model is labto
separate GRF and CoP accurately.
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. INTRODUCTION

Gait is a basic feature of daily human life, and gaalysis
is especially useful for recovery and improvemdrgait in the
fields of orthopedics and rehabilitation. Variougasurement
systems are used in gait analysis. The typicalgdugevice is
an optical motion capture system (MoCap), whichaiwist
kinematic measurements, such as displacement, ityeland
acceleration of a subject from markers placed odr@arks on
a subject. Furthermore, a force platform which istground
reaction force (GRF) measurements is also used; GREry
important in gait analysis. Recently, reasonablggat MoCap
systems have been developed, but force platforrassai
expensive. In addition, installation of force ptaths takes up a
large space; in general clinics, it is difficult tostall these
systems.

Nagano et al. developed a novel gait analysis syste
utilizing a treadmill to substitute as a force fdan [1]. This
force platform can be produced at a low price as &asy to
purchase a regular treadmill, and this platform lsaradapted
to suit various environments. However, this systenly
obtains resultant ground reaction forces of bo#t triring the
double stance phase. Furthermore, the system dbsgparate
the CoP of each foot. These problems make bioméddan
analysis using human models [2] difficult, as théxjuires
estimation of joint moments or muscle tensionssdlve these
problems, methods that separate the superimpose& G
measurements into individual feet using superimpoG&RF
and CoP measurements have been developed [3][#leVy,
these methods do not consider separation of CoP.
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We have developed a method to separate the supresaup
vertical GRF and anterior posterior CoP into indiral feet for
a normal gait. The method is as follows: (1) extrac the
double stance phase from the time-series measutemtthe
superimposed GRF using numerical differentiatior2) (
separating the superimposed vertical GRF and anteri
posterior CoP using the CoP model and GRF modehave
proposed. Commonly, characteristics of gaits aresistent
regardless of a specific gait condition [5]. Theref this
research generalizes GRF and CoP, assuming a temmnsis
normal gait.

Il.  THE PREPARATORYEXPERIMENT AND HYPOTHESIS

A. Mearuement of GRF and CoP

In order to set up a hypothesis relating to sejmratff GRF
and CoP, right and left foot normal GRF and CoP
measurements were obtained with force platformsvéaded
Mechanical Technology, Inc. BP400600-1000PT) thatrew
allocated as shown in Fig.1. Subjects were 21-33r-ghl
males and females who had no movement disordersir Th
heights ranged between 151.5-180.1 cm, and theightge
ranged between 42.0-98.0 kg. The measurements caeried
out 5 times for each person, with a sampling fregyeof 1
kHz. Fig.2 (A) shows a typical pattern of GRF.
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Figure 1. Arrangement of Force plate(black : right foot itehleft foot)

B. Characteristics of Superimposed GRF

The superimposed GRF (FG), which is the sum of the
vertical GRFs of both feet (FR, FL), is shown irg.Ri (B).
Compared to FR and FL, FG rises sharply at thenbétg of

ﬁpe double stance phase, and then varies gradedthye rising

to the next peak.
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Figure 2. Separated GRF and Superimposed GRF

C. Extracting the Double Stance Phase from the Time-series

Sectionll B notes that this research found characteristics of

FG. After processing this result with a 300 Hz Ipass filter,
we compared the differential values of GRFs aneésoposed
values of GRFs. From this, we defined the stanhtpand end
point of the double stance phase as follows:

the start time of the phase was determined to eetiint
on the convex line just before the peak; the entk tivas
determined to be when the differentiated value®fwas close
to zero, approximately 100-150 ms after the endhefpeak

(Fig.3).

S
=]

]
[=—)
T

:.est.imfalted....i estimate_d_?i

iend point:

—~rore o
S o

o

=]
T

h oo oo

|
=]

derivative of super imposed GRFs

i i i 8 i i i
1650 1700 1750 1800 1850 1500 1850
time[ms]

Figure 3. Clipping the Double Stance Phase
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Figure 4. Mean of Symbols
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Figure 5. COP Model
D. CoP Model

Right and left anterior-posterior CoPs (Rcopy, Ljopere
obtained from GRF measurements as mentionéd An The
superimposed CoP (Gcopy) was calculated from these
measurements. Following this, the distance fromp@att the
first heel point of contact to Gecopy at the nexpagite heel
point of contact was defined as ST; Fig.4 showddtfaitions

of these symbols. Though each CoP has lateral atatiar-
posterior components, we have focused on just tieriar-
posterior components. The beginning of the seqalenti
measuring time was at the first heel contact, &edtime was
normalized with the length of the time requirecc&iculate the
CoP.

In this research we modeled the CoP of the rigbt. fin
this modeling, the value of Rcopy was normalizethvT and
was approximated by a polynomial function; a typfcam of
this is shown in Fig.5. In addition, the calculateefficients of
the function are mentionedlIlh.B.

E. GRF Model

This research measured the vertical GRF of the fagit as
it lifts off the ground, and proposes a suppoiibrédr the GRF
of the right foot relative to total GRF during tHeuble stance
phase; this is presented as Equation 1.

erate = L O0< Wrate <1 )
Fo+F,

The relationship between FR, FG and Wrate is desdrin
Equation 2.

Fr = Fo XW4 )

At first, the ratios were calculated in Equatiomising the
GRF measurements of all subjects. Following thisytwere
approximated by a 15-degree polynomial of normdlitime.
These optimized coefficients from the Equation wareraged,
and the averaged coefficients constitute the GR&einshown
in Fig.6. The origin (beginning) of the sequentia¢asuring
time was at the first heel contact, and the time marmalized
with the length of the double stance phase.
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Figure 6. GRF Model Figure 8. CoP Estimation by CoP Model
F. Estimation o GRF and CoP using Fusion Model . VERIFICATION

As normal adult gait is GUAS-static and inertiatd® is
assumed not to have an influence, equilibrium otdoas A. Extractiongthe Double Stance Phase fromthe Time-

presented in Equation 3 consists of Wrate, Rcopy,&copy. series
-R, G From superimposed GRF values, we estimated thé star
W = Py o 41 3) time and the end time of the double stance phase. |
rate ST comparison with the actual times, the error ingtaet time was

0.3 + 3.2 ms, and the error in the end time wast112.1 ms.
Wrate can be used to calculate Rcopy, and FR can bghe error in the end time was greater than th#teénstart time
calculated from Rcopy using Equations 2 and 3.dditdn,  pecause the support ratio of GRF changed more afigdu

Equation 3 is transformed and presented as Equdtion during the toe-off movement. However, this erronds serious
_ for reasonable MoCaps using general video cameits av
Rcopy =STx(1- rate) Gcopy (4) sampling frequency of almost 60Hz; the error isimithe split

Fig.7 is a histogram produced with respect to ntiz@d time of the cameras.

time, which shows how GRF and CoP measurementaaf e L
subject varied in each model. The variance of CaR iess B.  Estimation of CoP from the CoP Model

correlated with normalized time, while the varianok the Each subject s Rcopy was normalized with ST, and then
support ratio of GRF was substantial during thet flralf of  the normalized CoPs of all subjects were averadsihg these
normalized time. This is because the GRF modelnduthis  normalized CoPs, coefficients of the CoP model oept in
time was affected by the impact of heel contaciclviivas not  II.D were defined in Equation 5.

static and varied widely for each subject. Furthemen the

impact was very large in comparison with the magfétof the CoP, . = 0.1xexp(25x(t —1)) - 0.008 (5)
support force reaction of the opposite leg. The Galel was ) ) )
developed using data of the right foot only, sodheuracy is The value t represents the normalized time thatdedised
high because of limited influence of the left foot. in sectionl.D. The estimated CoP using this model is shown

in Fig.8; the horizontal axis of this graph wasidked in section
Il .E. The average of the absolute error of the madeddues
compared with real values is 7.3 + 2.8 mm. Thexetion was
carried out at the normalized time of 0.8; afteattipoint,
measured GRF was too small to calculate CoP.

Therefore CoP can be estimated from the CoP maddl,
GRF can be estimated from a combination of thaécs@oP
model and the kinetic GRF model. Up until the ndipeal
time of 0.6, GRF was rigorously estimated from@w® model
using Equation 3; during the normalized time of-0.86, GRF
was estimated from the GRF model. After the estonaga low

pass filter processed the estimated measuremesitgy a cut C- Estimation of GRF from Fusion Model

off frequency of 30 Hz to reduce discontinuity: el this a Fig.9 shows the result of GRF estimation from thsidn
fusion model. model. The average of absolute errors was 27 + 9 N.
g H
. B IV. VALIDATIONS AND COMPARISON OF EACH MODEL
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Q 5 In this research we proposed a CoP model, a GRFeimod
g4 g and a fusion model. We compared each model to reorifiat
Ez- E 5 the fusion model can estimate GRF and CoP mordsptgc
* - than the individual models.
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Figure 7. Max variability point(A: Cop variability B:GRF variability)



A. CoP Estimation by GRF Model

B. Validation by CoP model

Fig.10 shows CoPs that were estimated with the GRF Fig.11 shows GRFs that were estimated with the CoP

model (using Equation 5) and with the CoP modeingyshe
GRF model, the average of absolute error was 35 infn,
while using the CoP model, the average of absduier was
7.4 £ 2.8 mm. The CoP model is therefore concludede a
more precise model than the GRF model for CoP asitim
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Figure 10.Comparison of COP Estimation

600 S
g8 —real GRF
5001 "'\"s\ ===gastimated GRF by GoP maodel
'a,,\ """"" estimated GRF by GRF model
400} \3
= N
& 300 \\
&5 N
200+ \\ nonexistent ||
\ GoP data
100} .‘.;’k""lu-H
0 ‘ ‘ ‘ =
0 02 04 06 08 1

normalized time

Figure 11.Comparison of GRF Estimation

model and with the GRF model. As statedllinB, CoP was
not calculated after a normalized time of 0.8, &F&annot be
estimated after this time either.

The average of the absolute error of GRF during the
normalized time of 0-0.8 was 43+23 N with the GRBdel,
and was 34+10 N with the CoP model. With the prepos
fusion model, the absolute error was 27 + 9 N. éfwee, the
fusion model is considered to estimate GRF the mastisely.

V. CONCLUSION

We proposed two methods to separate the superitipose
GRF and CoP into individual feet for a normal gait.

The first method determines the double stance pimse
time series.

The second method is the fusion model: a GRF menktia
COP model are combined in this model. Using thisiciu
model, we can separate GRF and CoP readings frcasured
superimposed readings more accurately

However, it is difficult to apply this method to awysis of
an abnormal gait. In the future, we will attempirtgorove this
method for various gait analyses using not onlgdagolatform
measurements but also kinematic measurements fildoCap
device.

NOKENCLATURE
Fr: Right GRF
F.: Left GRF
Fg: Superimposed GRF
Reopy: Right anterior-posterior CoP
Leopy: Left anterior-posterior CoP
Geopy: Superimposed anterior-posterior CoP
W, ae The support ratio of GRF

ST: the distance frons.y, at first heel contact to one at the
next opposite heel contact

REFERENCES

[1] Sachiko Nagano, Development of a novel gait amalygstem utilizing a
treadmill, master's thesis of Keio Universit2003,(in Japanese)

(2
(3]

(4]

(5]

http://www.gsport.co.jp/products/armo/index.htm

Brian L. Davis et al.: Decomposition of Superimposed Ground
Reaction Forces into Left and Right Profiles, Jaliof Biomechanics
vol.26, 593-597 1993

Rezaul K.Begg et al. A Method for the Reconstruction of Ground
Reaction Force-Time Characteristics during GaitfrBorce Platform
Recording of Simultaneous Foot Falls IEEE Transastion Biomedical
Engineering vol.47, 547-551 2000

Youichi Mizutani: Gait Analysis by Floor Reaction Force in Double
Support Period J.Jpn. Orthop vol.61, 893-904 1987, (n Japanese)



