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Estimation of walking directio éportant V|d|ng detailed information about an
individual’s gait. This study prﬂ&m method tlmatmg walking direction using a shoe-
mounted acceleration sensor. He conta determmed from the negative peak of the
acceleration magnitude, an@” foot in |s calculated for estimating the horizontal

acceleration. The steppl ction o foot is calculated through principle component
analysis along the hoO | acc %;tlo The walking direction is estimated by averaging

*e-Clio, Inc, 824 Palbok-dong 2-ga, Deokjin® ju-si WUK, Republic of

consecutive left- ap@ ions. The proposed method was applied to out-door
ing for 65 s, and yielded a mean difference of 0.48° with a standard
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1. Introducti n
Estlmatlo alking direction has been attracting interest in the field of context

recognlt , dead-reckoning navigation [5-7], and biomechanics [8-11]. In the field of
gnltlon especially in cases where a mobile phone is used, an acceleration signal

is %ed from the on-body mobile phone and processed through principle component
analysis (PCA) for estimating the user’s walking direction [12]. However, these methods
estimate the walking direction over several meters but not within each step. Estimating the
orientation and, occasionally, even its relative position using an inertial sensor is possible
using an inertial navigation system [13]. When an absolute positioning system such as GPS is
not available, optimal estimation algorithms such as Kalman filter fusion any available sensor
signal such as acceleration, angular velocity, or earth magnetic field [14]. Although the
abovementioned methods afford reasonable performance, they are computationally expensive.
The authors of this study are developing a shoe that is equipped with various types of
motion sensors and transmits healthcare information to a mobile phone. For an instance, any
information related to the degree and balance of internal or external foot rotation during
walking can be useful in determining gait pattern [15]. However, for providing any
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information on walking pattern, calculating the walking direction itself remains an essential
challenge. In this study, we propose a method for detecting walking direction using a shoe-
mounted acceleration sensor. Its functional feasibility is evaluated through an outdoor,
straight flat surface walking test.

2. Materials and method

2.1. Sensor-equipped shoe

A three-axis micro-electromechanical system (MEMS) acceleration sensor (LSM303DLM,
STMicroelectronics) was surface-mounted on a printed circuit board (17.8 mm XW),
which was inserted in a sole, below the arch of foot (Figure 1). The sensor was efyed to a
commercial micro-control unit (MCU) board (MSP-EXP430G2 L ccr% Texas
Instruments) using wires. The MCU board provided the sensor with [po and inter-
integrated circuit communication. The MCU reads the ration sends it to a

mobile phone via a Bluetooth module (Parani ESD200, 8 orea) at 100 Hz.
The saved data is later analyzed on a PC using MA :

Pas )
oe. A three-axis MEMS acceleration sensor was
inserted in a sole

Each component of acceleration signal varies periodically according to the gait phase, as
shown in Figure 2. In this study, the X, Y, and Z directions point to the left, forward, and
bottom, respectively. The Y-axis acceleration varies most significantly because it corresponds
to the mediolateral direction. The acceleration magnitude was calculated as the norm of the
three components. It is well known that the negative peaks of the acceleration magnitude
correspond to heel strikes [16].
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Figure 2. Acceleration signw ee SM
ottam, respectively. The Y-axis

The X, Y, and Z directions point to the left, ard, and
acceleration varies most significantly because- respon s@bthe mediolateral direction

2.2. Heel strike detection %\ <)
The inclination of the accelerSt\mgensor, ) x{ations along the X- and Y-axes, is

Accelertion magnitude (g

calculated according to gravimetr fCh uses t jection of gravity on the X- and Y-axes
[17]. However, this calculation is téntaminat hen the sensor moves with any acceleration
because the acceleration sen@é detectsagr, '?ty and motion acceleration simultaneously [18].
Nonetheless, the incliaatjgtg alculat %e heel contacts can be trusted. The heel-strike
timing, which correw o0 the negatiVe acceleration magnitude, is detected as shown in
Figure 3. When a r}% ike isd d, the X- and Y-axis acceleration signals are rotated at

rizontawe tions. At the positive peak, acceleration magnitude |A|

an inclination
is stored as a ve p k@ue, |Al+)peak- At the negative peak, |A| is compared with the

walking threshold, Th_w . If |A| at the negative peak is greater than Th_walking, the step
is considered as beingfimythe normal walking mode at that moment. In addition, |A|xjpeax IS
compared with th(i&‘ ance threshold, Th_mid_stance, for confirming whether a given step

is a normal waliin p. If these conditions are met, this moment is detected as a heel strike.
Q Heel Strike

Detection

heel_strike = false
Calculate JA| ¥
Y Y
< vk Aleopen =1

Y

heel_strike = true

Figure 3. Flowchart for heel strike detection
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At the positive peak, the acceleration magnitude |A| is stored as a positive peak value [Al.peak-
At the negative peak, the acceleration magnitude, |A|, is compared with the walking threshold,
Th_walking, and mid-stance threshold, Th_mid_stance. If the negative peak is greater than the
thresholds, the given moment is considered as heel contact of a normal step.

2.3. Walking direction estimation

The horizontal acceleration signals during a step are processed using PCA for estimating
the stepping directions of each foot. In our study, the angle between the horizontal X/Y axes
and the calculated first coefficient pair corresponds to the walking direction, as shown in
Figure 4. The walking direction is determined by averaging the consecutive left and rlght

stepping directions. The rotation between X/Y and Components 1/2 correspon “the
estimated waking direction. The coefficients of the principle component, i.e. Co nts 1/2
are calculated as follows. The horizontal acceleration signals, A;, are arr ina3xN

acceleration matrix A as in Eq. (1). The N is the number of ples b% heel strikes.

ey

A=lal al ..
The 3 x 3 covariance matrix C, is calculated t@he ac@%n matrix as in Eq. (2).
era

The c;; corresponds to the covariance between theNsaxis accel and j-axis acceleration.

c, - ? %\Q)

The PCA calculates a co mate trans ﬁ&th which the largest acceleration covariance
is projected the basis, of‘Q coor%& frame. This transform is calculated from the
value

relationship betweenﬁ@ ‘% ,*-) and eigenvector (Vx,"v,"z ) pair as in Eq. (3).

2)

‘ ? 3)
From the calCUlated Iues the eigenvector with the largest eigenvalue and the
eigenvector with the largest eigenvalue are determined as the Component 1 and

Component 2, respe
» . PCA result

Component 2

i i i i i i i i i i
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Component 1

Figure 4. PCA results of over 117 acceleration samples
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X and Y correspond to the horizontal axes. Component 1 and Component 2 correspond to a
coefficient pair calculated using PCA on the horizontal axes.

2.4. Experimental setup

The proposed method was applied to outdoor, straight ground walking by a healthy
subject. The subject walked along a path marked by a line (26 m) at a self-determined
comfortable speed and retraced the path back to the starting point. This commutation was
repeated five times. The same process was repeated along a path perpendicular to the
abovementioned path. Hence, 20 instances of walking in four directions were recorded and

analyzed. R

For each walk along the paths, the first two and the final two steps were excluded“gom the
analysis because they are transitional. Th_walking and Th_mid_stance were emp set to
1.5gand 0.9 g. 6
3. Results ﬁ 'Q)

Table 1 summarizes the estimated walking directiegssor 58 st ven that the subject
tried his best to walk along the straight paths mark the I| I al walking directions
were assumed as 90°. However, the actual walking difections % eet varied slightly from
90°. This deviation can be ascribed to sever 'éxons Firstly, even though the sensor was

aligned to the sole with visible sight to® st p055| tent, there could be constant
misalignment or orientation offset. Sec v the @ s between the left and the right
ec

feet are larger than the averaged dlre au g dlrectlons of a single side vary to
a greater degree. This result jUS avera consecutive left and right directions.
Finally, a small outer rotatio g the stance |self is normal in a healthy subject, even

though the degree of rotation@ries acc rdix& the individual’s gait characteristics.

Table ,L'@ﬁated walking directions over 658 steps (°).

Footw A Aﬂ Mean Standard Deviation

Q\eﬁ 7 9937 3.08
Righ 81.58 3.05
Avera@io 90.47 1.97

Because the estimat Iking direction varies according to each left and right step pair,
i.e., with each stri estimated walking directions were averaged over several strides.
Figure 5 shows t eans and standard deviations of the estimation error according to the

averaging w size from 1 to 25 strides. The direction error decreases significantly up to
window Si en. For window size 7, the mean and standard deviation were 0.47° and

O.95°;re@ vely.
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Figure 5. Means and standard deviations of eﬁ@sion er@ccording to
averaging window % x)

The verticals bars indicate the standard deviation rors rides. For window size
seven, the mean and standard deviation were O. @nd 0.95°, respectively

ThIS study proposed and demons % ea3|b|I|ty of a method for detecting

-

walking direction using a shoe- acceler ensor. The proposed method estimated
the walking direction by av g the_le right stepping directions, which were
calculated using PCA of the hgrizontal accel%on during the stance phase. This method was
applied to outdoor, stra t surf ing for 658 steps, and the calculated mean
difference and stan %Iation werdJ0.48° and 1.98° respectively. For the averaging
window comprising strides, A%mean difference and deviation were 0.47° and 0.95°,
respectively. The-gStimated w dprection could be used for providing detailed, including
ce of int@al or external foot rotation, of an individual’s walking gait.
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