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A Kinematic Human-Walking Model for the
Normal-Gait-Speed Estimation Using Tri-Axial
Acceleration Signals at Waist Location

Jwu-Sheng Hu*, Member, IEEE, Kuan-Chun Sun, and Chi-Yuan Cheng

Abstract—This study aims at estimating the human walking
speed using wearable accelerometers by proposing a novel virtual
inverted pendulum model. This model not only keeps the important
characteristics of both the biped rolling-foot and the inverted pen-
dulum model, but also makes the speed estimation feasible using
human body acceleration. Rather than using statistical methods,
the proposed kinematic walking model enables calibration of the
parameters during walking using only one tri-axial accelerometer
on the waist that collects the user’s body acceleration. In addition,
this model also includes the effect of rotation of the waist within
a walking cycle, which improves the estimation accuracy. Experi-
mental results for a group of humans show a 0.58 % absolute error
mean and 0.72% error deviation, which is far better than the re-
sults of other known studies with accelerometers mounted on the
upper body.

Index Terms—Gait, human mechatronics, inertia sensor, Kine-
matic walking model, walking speed, wearable sensor.

I. INTRODUCTION

HE use of accelerometers worn on the body to quan-
T tify human movement is increasingly popular in recent
years. Task-specific studies that use single or multiple body-
mounted accelerometers were reported to quantitatively mea-
sure the functional performance of gait cycles [1], [2]. While
acceleration data are useful for examining basic temporal-spatial
gait parameters for clinical applications, they also provide per-
sonal activity information that benefits technological develop-
ment in health care and pervasive computing [3]. Among the
various gait parameters estimated from body acceleration, walk-
ing speed can also be used as an odometer for localization for
humans (e.g., combined with a wireless sensor network). It per-
forms better than step counts using a pedometer [4]. The authors
in [5] collected some researches and carried out a comparison
of five methods of accelerometer-based estimation of the step
length in straight-line human walking.

There are two different kinds of methods of estimating walk-
ing speed: signal based and model based. The signal-based ap-
proaches use either statistical regression with offline parameters
calibration or training via an artificial neural network (ANN).
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Aminian et al. [6] used a tri-axial accelerometer placed in a
waist belt (located on the back) and a single-axis accelerometer
fixed on the top of the right heel to record body accelerations
during walking. Two neural networks were implemented to es-
timate the incline and the speed of walking. Schutz et al. [7] put
a tri-axial accelerometer on the chest to measure the stride time
and applied two neural network models: one for determining
whether the subject walks or runs, and the other with differ-
ent node interactions to estimate stride length. Song et al. [8]
presented a regression method under a Gaussian process. They
proposed a nonlinear, nonparametric regression framework to
estimate walking speed using inertia sensors like an accelerom-
eter and a gyroscope. He and Zhang [9] proposed the use of
a portable device with a tri-axis accelerometer, and an ANN
was trained to estimate the average walking speed. Kourogi and
Kurata [10] observed empirically that the differences between
the positive and negative peaks for vertical acceleration and
forward direction have a strong correlation with walking veloc-
ity. The results from linear regression indicate that the slope is
dependent on the individual person.

The methods mentioned previously require minimal knowl-
edge of human walking but they suffer from the criticism of
formal justifications. Another direction is to apply the integral
relation among acceleration—yvelocity—position to observe the
stride as well as the walking speed. The most successful method
is to use a foot-mounted accelerometer and gyro to perform
strapdown integration to avoid the drifting problem [11], [12].
This zero velocity updates (ZVUs) idea was also proposed
in [13] using an extended Kalman filter (EKF). Combined with
other sensors (such as GPS), the method is able to achieve 0.3%
positioning accuracy in 3-D localization. The ZVUs are effec-
tive due to the swing-stance cycle of both legs but cannot be
applied on sensors mounted on other parts of the human body.

Very few works consider the characteristics of the model-
based kinematic walking models to estimate walking speed.
Bishop and Li [14] used two shank-mounted accelerometers to
take advantage of the inverted pendulum-like behavior of the
stance phase to estimate the walking speed. For biped walking,
the inverted pendulum model is the simplest one for analysis
of the kinematics or energy-spending sequences. The authors
in [15] explained that human walking behavior can be mod-
eled as an inverted pendulum, which reduces both muscle force
and work demands during single support. The authors in [16]
improved the inverted pendulum model by considering the ef-
fect of foot length, and this was proved by experiment result.
The authors in [17] presented the advantages of the rolling-foot
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Fig. 1. [18] This series illustrates the individual and additive effects of three
kinematic strategies to reduce vertical displacement of the COM: (a) illustrates
the large vertical oscillation of the COM while a person walks like an inverted
pendulum; (b) illustrates that further reduction of the downward displacement
of the COM is achieved by rotation of the ankle and knee, and the effects are
combined into the rolling-foot model; and (c) illustrates that rotation of the
pelvis in the horizontal plane functionally lengthens the lower extremities and
reduces the magnitude of the hip flexion-extension angle required for a given
step length, thereby reducing the downward displacement of the COM, where
dy < dy < d1,93 < 92 < 91.

effect in human walking. Moreover, Neumann [18] pointed out
that the vertical displacement of the COM (center of mass) is
reduced to save energy during a walking cycle. That is, for a
given stride length, the pure inverted pendulum that results in a
large vertical displacement may not be a good model to describe
walking. In reality, a human combines rolling of the ankle and
knee and rotation of the waist to reduce the displacement of the
COM as shown in Fig. 1.

This paper develops a kinematic walking model and proposes
amethod for estimating speed (in the same way as stride distance
by integrating the speed). The model allows us to estimate the
speed using accelerometers mounted near the COM (the center
of the waist). The idea of a virtual inverted pendulum, derived
from the rolling-foot model [15]-[18], is presented. Moreover,
this model is improved by considering the waist rotation effect.
As a result, the acceleration perpendicular to the sagittal plane
is included to enhance the estimation accuracy. Interestingly,
it is found out that the accelerations in the forward and verti-
cal directions can be used to compute the radius of the rolling
foot, which leads to the speed estimation. And this observation
provides an explanation of the positive and negative peaks for
vertical acceleration and forward direction having a strong cor-
relation with walking velocity in [10]. The nonlinear kinematic
model is estimated using an unscented Kalman Filter. Experi-
mental results for a group of 20 persons show the effectiveness
of the proposed method.

II. KINEMATIC WALKING MODEL FOR SPEED ESTIMATION
A. Review of Human-Walking Model

Theoretical and experimental works on human walking have
been extensively studied over the past century. A majority of
works used the inverted pendulum model because it can de-
scribe the general pattern of mechanical energy fluctuations of
the body during walking [19]. The COM vaulted over the rigid

Initial Contact (IC) Terminal Stance (TST)

Stance Time
t=0 t=T

heel down toe off

Fig. 2. Correspondence between stance and rolling-foot states.

stance limb like an inverted pendulum. This made the COM
travel along a circular arc instead of along the flattened trajec-
tory depicted by the gait theory of six determinants [15]. The
flattened trajectory was proposed based on the conjecture that
vertical movement of the COM is energetically costly. How-
ever, experimental results showed that humans expend more
metabolic energy to voluntarily reduce vertical displacement of
the COM compared to their normal gait [20]. It was also shown
that the simple inverted pendulum model can be used to de-
scribe the gait transitions in terms of energy expenditure and
work done on the COM [21].

Research was done to modify the vertical displacement of the
COM in the perfect inverted pendulum model [16]. In [16], a
constant-length virtual stance limb with a forward-translating
point of force application (PFA) is assumed. It was found that
the reduction of the COM vertical displacement is still unable
to match the measured data. A further modification is to as-
sume that the virtual stance limb is compressed in the stance
phase. The compression is proportional to the walking speed.
Another direction is to consider the rolling of the foot like a
wheel during each walking step [17]. The rolling-foot model
results in a modification of the inverted pendulum whereby the
center of rotation should be at a distance above the point of
contact with the ground. The distance was characterized as pL,
where L is the length of the leg and p is a ratio (0 < p < 1)
that varies among individuals. The work in [17] shows that the
minimum value of p required to decrease the net metabolic rate
is 0.3. All of the works mentioned focused on studying the en-
ergy exchange mechanism, the force reaction on the ground,
the metabolic rate, and so on. No efforts have been made to
derive a kinematic model that could be utilized to estimate the
walking speed through inertia sensor measurement. However,
the experimental data and qualitative explanations provide ba-
sic guidelines for developing the model for estimation. In this
study, the walking-speed estimator is based on the rolling-foot
model of [17] as depicted in Fig. 2.
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Fig. 4. Proposed virtual-center walking model during stance.

B. Proposed Virtual-Center Walking Model

The stance time 7' defined in Fig. 2 is the duration between
the initial contact (TC, the heel-down) and terminal stance (TST,
toe-off). The angle « is the maximum swing angle of the leg
and is identical for both legs. Further, it is assumed that the
angle is the same for TC and TST. The leg remains stiff during
the inverted pendulum swing and the rotation center is located
at a distance L above the ground in the z-axis as indicated in
Fig. 3. In the sequence, the x, y, and z coordinates are referred
to as the directions perpendicular to the coronal, sagittal, and
transverse planes in the human anatomical planes, respectively.
The geometrical relation in Fig. 2 leads to ao = ¢, the length of
the foot is b, and the following relation can be established:

2ac- pL = b. (D

To facilitate the walking-speed estimation, a new model is
proposed to approximate the trajectory as indicated in Fig. 4. It
is assumed that during the stance stage, the leg rotates around a
point located below the ground (point G in Fig. 4).

The COM trajectories in the z-direction (see Fig. 4) can be
derived for the three models explained previously.

1) Inverted pendulum: L cosf,0 < 6 < a.

2) Rolling foot: (1 — p)Lcos® + pL,0 <6 < a.
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Fig. 5. Vertical fluctuation of the COM versus the leg length during stance.

3) Virtual center: ¢; cosy + (¢1 cosy — cz)%,

(1—p)Lsina>

0<~r< tan ! (
C2

where
ar =/(1=2p+2p?)L2 +2p(1 — p)L? cos a
¢y = (1 —p)Lcosa+ pL.

The vertical fluctuation of the COM versus the leg length
during stance is plotted for the three models in Fig. 5. The ratio
p is 0.3 as explained in [17], where the metabolic rate reaches
a minimum. It is shown that the inverted pendulum has a larger
fluctuation and the proposed virtual center model is close to the
rolling-foot one (in Fig. 5, the rolling and proposed lines are
almost the same).

C. Parameter Estimation Using the COM Acceleration

A method of estimating the length of the virtual leg (L' in
Fig. 4) is presented below. The estimation is based on the accel-
eration measurement at the COM over a complete stance cycle.
Assuming that « =~ ¢ and AB + BG = L' in Fig. 4, we have

b
V(A = p)2L2 + p2 L2 +2(1 — p)pL2 cosa + 5 o8y

b
:L':L+§cot7. )
Therefore,
beosy—1 b —y2 [t 4 —
2 siny 27_73/3!4_75/5!_...
=1 —p)L2 4+ p?L2 +2(1 — p)pL2cosa.  (3)

Approximating sin(+y) and cos(y) by a Taylor series and keep-
ing the first-order result, the following relation (4) is established,
and0 <y < a:

_2!><2

(L—\/(l —p)2L% 4+ p?2L? 4+ 2(1 — p)pL? cos a) .

“)

The average tangential velocity u under the rolling-foot model
can be approximated by

v

2

usL-(1=p) ®)



2274

where T is the stance duration. From (1) and Fig. 3, the COM
velocity in the z-direction and z-direction can be derived as

Vi (t) = u-cos(0(t)) + %
b (1—p) ] b
=T, cos(a — wt) + T (6)
V.(t) = u-sin(A(t)) = % 20 nta—wt) @)

where t = 0(IC') ~ T(T'ST). The corresponding acceleration
is

dv, (t
a, (t) = ‘;():u'wﬁin(afwt) ©))
dv,(t
a,(t) = ®) = —u-w-cos(a — wt). ©)
dt
It is obvious that
a2 +a? = wiu?. (10)
Substituting (1) and (5) into (10) results in
b \° /b (1-p)\*
2 2 _ (9 v U=-p
a‘”+az<LpT> (T p ) ' (an

Lettc = . 7 (11) can be rewritten as the following:

L>T*(a?+a?
2
c(l—p)=p".

Since c is a positive number, (12) has only one real root
located within [0, 1], as shown in (13). The solution is then used
to compute « from (1) and v from (4). Subsequently, the length
of the virtual leg L’ can be found from (2)

Ve VR
g

12)

13)

D. Proposed 3-D Walking Model

The walking model explained previously considers the rota-
tion of the COM in the y-direction which results in the fluctu-
ation of acceleration in the z-direction. However, experimental
data also show the rotation of the whole human body in the
other two directions [18], [22]. The authors in [23] puts two 6D
IMU(Inertial Measurement Unit) devices on the shoe-heels to
record inertia data and describes the validation for assessment
of 3-D spatial parameters of gait, which is based on the compu-
tation of 3-D foot kinematics. In particular, the ground forces
during walking create torque around the z-direction, making the
pelvis rotate around the stance leg. Consequently, the COM also
moves in the y-direction. This phenomenon is illustrated by the
top view of the walking cycles in Fig. 6. To include the COM
motion in the y-direction, the virtual center walking model in
Fig. 4 is extended to include the rotating motion of the pelvis as
shown in Fig. 7.

Using the homogeneous coordinate representation, the loca-
tion of the COM relative to the virtual center G can be derived
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Fig. 6. Top View of the COM motion during a walking cycle.
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Fig. 7. Movement of the COM including the pelvis rotation (W = width of
pelvis, 3: pelvis rotation angle).

as
5 cos(7y) sin(B) + L' sin(y)
0 W
0 - cos(B)
Poow=HeiHs | | = - 2
1 > sin(7y) sin(8) + L’ cos(v)
1
L la
(14)
where
cos(y) 0 sin(y) O 10 0 O
How — 0 1 0 0 01 0 0
@17 | —sin(y) 0 cos(y) 0 00 1 L
0 0 0 1 0 0 0 1
and
cos(f) —sin(B) 0 0 100 0
7. |8 cos(B) 0 0| 0 1 0 Wi,
R 0 1L of o0 1 0
0 0 0 1 0 0 0 1
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Taking the time derivatives of (14) and assuming that ﬂ ~0
and 4 ~ 0, the COM velocity Vcon and acceleration Acowm
can be computed as

d
Veom = EPCOM

S sin(a) sin(8)i— - cos() cos(8) 3+ cos()4

B 2 sin(9))

- cos(y) sin(B)3 43 sin() cos(8) L' sin()3
0

15)

d
Acom = EVCOM

% cos(7y) sin(B)4? + % sin(v) cos(8)33

5 siny) cos(B)if + - cos(r) sin(0)?
2

— L'sin(y)y

W .
— 5 cos(B)5 . (16)

Q

—g sin(y) sin(3)y* + g cos(v) cos(B)73

+% cos(v) cos(B)38 — % sin(v) sin(3) 5°
— L' cos(y)%
0 G

2

Innormal walking, the ranges of 3 and y are within £0.17 rad.
Therefore, a small-angle model is adopted by making sin((3) ~
B, cos(f) ~ 1, sin(y) = -, cos(y) ~ 1. The average COM ve-
locity is then computed by integrating Vo with respect to 3
and +y over a stance period

. 11 7
Voo = —— Veowu ~dy-d
com = 5557 /—@ /_7 com(B,7) - dy-dp
—%ﬂ +L'% v+u
0 0
- 0 10 17
0 G 0 J1g
where v = —%ﬁ and u = L'4. The acceleration of (16) can
also be simplified into
rwo. s W 9 ]
BV A Wi+ 66" = L'y
w .,
Acom ~ 2 p
wo. L W .
— B A WAB = B8 — L'y
L 0 la
fa,
.
= la . (18)
L0 1g
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because 3,7 ~ 0, and sin> f+cos’ B 1+ 3>~ 1+~
1. Neglecting all the terms of the sixth order and higher of
the angle (3 and ~, the following relation can be established:

5 3 w? +u- 20
\/ax+azzT.

Equations (17), (19), and (20) form the basic formula for esti-
mating the walking speed as described in the following section.

19)

lay| =

(20)

III. WALKING SPEED ESTIMATION ALGORITHM

The device for measuring the walking speed is a tri-axial
accelerometer mounted at the center of the waist (see Fig. 8). Itis
easy to install the device by clipping it on a belt. The acceleration
measurements (as depicted by Fig. 8) are preprocessed by a
standard bias and gravity estimation algorithm to minimize their
influences. Meanwhile, a low-pass filter (cut-off frequency at
3 Hz) is implemented to remove high-frequency noise that is
irrelevant to the human body motion. It is assumed that the
measurements are close to the COM acceleration signals even
though it is not mounted exactly at the COM position. This will
induce some errors and will be discussed in the experiments.

Equations (19) and (20) can be rewritten into a state-space
formula to estimate both v and v as the following:

x(k+1) =x(k) +q(k)
y(k) = H(x(k)) +d(k)
v(k)]"

2n

where x(k) = [u(k)
estimated and

y(k) = [Va (k) +aZ(k) |a,(k)]]"

* (k A T
H(X(k)) — |:u‘(k)+u(k)42v(k) v2 (k) :|

is the parameter vector to be

1% W2

q(k) and d(k) are uncorrelated zero-mean Gaussian noise vec-
tors with covariance matrices Q and R, respectively. The param-
eter L' is obtained from (2) for each sample. Equations (19) and
(20) can be estimated using the unscented Kalman filter due to
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TABLE I
EXPERIMENTAL RESULTS (L: LEG LENGTH, b: FOOT LENGTH, W : WAIST WIDTH, d: THE ESTIMATED DISTANCE, V' : ESTIMATED VELOCITY, AND

error(%) = (d— 38)/38 x 100%)

No User information and results
: L(m) b(m) W(m) P d(m) V(m/s) error(%)
Nominal | Calibrated | Nominal | Calibrated | Nominal | Calibrated g:lfl .C:: CAalf:eb:'. g:lf;::: C'zlf:: (B,‘:Ifi(:: Cﬁ:g l(gjz[fi(g: C':f:;
1 1.00 0.95 0.20 0.20 0.40 0.36 0.28 0.29 38.94 | 38.05 1.42 1.39 2.47 0.14
2 1.02 0.97 0.20 0.18 0.40 0.38 0.31 0.29 3943 | 37.95 1.27 1.26 3.77 -0.14
3 1.05 0.95 0.21 0.22 0.40 0.36 0.27 0.29 39.45 | 38.05 1.55 1.49 3.81 0.14
4 1.05 1.00 0.23 0.21 043 041 0.31 0.29 39.09 | 37.73 1.45 1.40 2.88 -0.71
5 1.07 1.07 0.20 0.18 0.40 0.38 0.32 0.29 38.20 | 37.52 1.31 1.29 0.52 -1.26
6 0.91 0.86 0.18 0.16 0.40 0.36 0.31 0.29 40.03 | 38.32 1.37 1.31 5.34 0.84
7 1.03 0.98 0.22 0.22 0.40 0.44 0.28 0.29 38.82 | 38.09 1.54 1.51 2.16 0.24
8 1.02 1.02 0.20 0.18 0.38 0.36 0.32 0.29 38.70 | 37.97 1.24 1.22 1.83 -0.07
9 1.02 1.06 0.20 0.18 0.40 0.36 0.31 0.29 37.65 | 37.57 1.25 1.25 -0.93 -1.12
10 1.02 1.11 0.18 0.17 0.38 0.40 0.31 0.29 37.11 | 38.21 1.17 1.20 -2.35 0.56
11 0.93 0.98 0.20 0.20 0.36 0.38 0.31 0.30 37.52 | 38.37 1.32 1.35 -1.23 0.96
12 0.91 0.81 0.17 0.15 0.30 0.33 0.31 0.29 40.12 | 37.60 1.16 1.09 5.58 -1.04
13 0.93 0.88 0.17 0.15 0.31 0.29 0.31 0.29 40.01 | 38.32 0.97 0.93 5.29 0.84
14 0.96 0.96 0.18 0.16 0.36 0.32 0.33 0.30 38.73 | 37.85 1.25 1.23 1.93 -0.39
15 0.82 0.77 0.16 0.15 0.29 0.27 0.31 0.29 39.85 | 37.99 1.01 0.97 4.88 -0.14
16 0.96 091 0.20 0.18 0.35 0.38 0.31 0.29 39.31 | 37.85 1.26 1.21 3.46 -0.39
17 1.00 0.95 0.19 0.16 0.31 0.31 0.33 0.29 40.23 | 38.29 1.14 1.09 5.87 0.78
18 0.95 0.90 0.19 0.18 0.34 0.36 0.31 0.30 39.40 | 38.30 1.18 1.15 3.69 0.78
19 1.00 0.95 0.21 0.19 0.32 0.29 0.30 0.28 39.53 | 38.01 1.36 1.30 4.02 0.02
20 0.95 0.86 0.18 0.16 0.31 0.33 0.30 0.29 3998 | 37.58 1.17 1.10 5.22 -1.11

its good performance in dealing with second-order nonlinearity.
The computation procedure is listed below.
1) Time update and sigma point computation:

% (k) = %(k — 1)
P;(k) = Px(k—l) + Q
P,

Xkk-1 = [ﬁf(k) % (k) + yukr (K

X (k) — YUKF P;(k)
D1 = H[ Xy 1]

2L
d(k) = Z Wi(m>D iklk—1-

(22)
i—0
2) Measurement update:
2L (
Pawaw = 2 W [Dz klk-1 — d(k)}
i=0
N T
{Dz kk—-1 — d(k)} +R
2L
Pyiyae) = ZW (X -1 — x(k)]
i—=0
. T
|:Dz kk—1 — d(k)}
K(k) = Pygyacr) Pagmac)
R(k) = %~ (k) + K(k) - (d(k) — d(k))
Py = Py — KE)PganKE) . (23)

IV. EXPERIMENTAL RESULTS

To verify the proposed algorithm, a group of 20 persons is
asked to walk along a straight line four times with the device
mounted on their waists. The walking distance is 38 m and the
ground truth is obtained as the following. At the starting (end-
ing) location, an external infrared sensor is installed to detect
the passage of the human. The passage signals are transmitted
to the measurement device instantaneously as time stamps for
verification. In other words, the distance integrated from the
estimated average walking speed between the two time stamps
is compared with the actual distance of 38 m. The participants
were asked to walk freely at their own pace under a normal
situation. The initial conditions and parameter selections of the
unscented Kalman filter are shown in the Appendix. A group of
20 persons was tested to validate the proposed method. Nos. 1
to 10 are male, and the rest are female. The leg length L, foot
length b, and waist size W are measured manually as shown
in Table I (under the “Nominal” column). Without calibrating
the measurement errors, the proposed method yields an abso-
lute average error of 3.36% and standard deviation of 2.33%
(the “Before Calibr.” column of Table I). With respect to the
measurement errors, the results indicate that our method is still
competitive in relation to existing works as listed in Table II.

To further enhance the performance, the test subjects were
asked to walk four times, from which three records were used
for calibration and the fourth to compute the accuracy. The
calibration procedure was conducted by an exhaustive search of
the optimal speed estimation error in the parameter space (L, b,
and W) limited by +10% of the associated nominal values. As
an example, Fig. 9 illustrates the distribution of the sum of mean
square errors under the variation of L and b with a fixed W for
one of the test subjects. The minimum error occurs at L = 1.06,
b = 0.18, and W = 0.36. After calibration, the absolute average
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TABLE I
COMPARISON WITH EXISTING METHODS
Ref. Proposed [7] [8] [9] [14]/129] [11]
Year 2012 2002 2007 2011 2010 2005
Sensor Acc Acc Acc Acc Acc & Gyro IMU
Method **KM Statistics *NN *NN KM KM
Location Waist body chest pocket shank shoes
Before After
Err. Mean Calibr. Calibr. 0.51% 9.57% 3.04% -17% 0.3%
3.36% 0.58%
Err. Std 2.33% 0.72% 20% - 4.1% 8%[14]/4%[29] -
Train 50 Train 15 Train 25
Exp. No. Test 20 Test 6 Test 2 Test 10 187/- 1
*NN — Neural Network; **KM — Kinematic Model.
Subject No. 7 Subject No. 12
1 1
mean =0.2865 mean =0.2812
. var=0.0034 08 var=0.0014
05 06
S 02 02 MWMWW
0 )
§ 0 1 2 3 4 5 0 1 2 3 4 5
E
g Subject No. 8 Subject No. 16
3 1 1
mean =0.2801 mean =0.2871
08 var=00017 08 var=00011
08 08
UAMAMAMAMIAMT DM p
02 02
0 0
0 1 2 3 4 5 0 1 2 3 4 5
1
b(m) 08 L(m) Subject No. 10 Subject No. 20
1 1
Fig. 9. ) Distribution betwef.:n sum of t.he square error mean and variation of L 08 m?/:::gggg: 08 mfl:?:g gg; 8
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Fig. 10. Experimental data of subject No. 7 whose means of u and v are
1.25 and 0.26 m/s, with variances of 0.07 and 0.01, respectively. The mean and
variance of p are 0.2865 and 0.003. The estimated velocity V' = u + v = 1.51,
and the other user parameters are shown in Table I. (Top left to bottom left:
A, Ay, A top right to bottom right: estimated parameters u, v, and p.)

error is reduced to 0.58% and the standard deviation to 0.72%.
The absolute average errors for males and females are 0.52%
and 0.65%, while the absolute standard deviations are 0.44%
and 0.38%, respectively. From the comparison in Table II, the

subjects shown on the left are male cases and those on the right are female
cases. The walking speeds are as follows: No. 7: 1.51 m/s; No. 8: 1.22 m/s;
No. 10: 1.20 m/s; No. 12: 1.09 m/s; No. 16: 1.21 m/s; and No. 20: 1.1 m/s.

proposed method after calibration outperforms all the previous
methods including the one using kinematic models.

The acceleration signal and estimated parameters of subject
No. 7 are shown in Fig. 10. The walking speed estimation is
equal to u plus v. In this case, the means of u and v are 1.25
and 0.26 m/s, and the variances of «w and v are 0.07 and 0.01,
respectively. Note that the speed v, estimated from the rotation
of the waist, contributes approximately 17% of the total speed.

Fig. 11 shows the value of p [see (13)] of six different subjects
under normal walking. The average values for all cases are
approximately 0.29, which is close to the observation in [17]
for minimum metabolic rate. However, the value of p does not
remain constant during the entire walking cycle. Some of the
data are deliberately selected to have approximately the same
velocity, such as Nos. 8 and 10 with a velocity of 1.2 m/s and
Nos. 12 and 20 with a velocity of 1.1 m/s. But the patterns
of p are quite different. Despite the accuracy of the gait speed
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Fig. 12.  Normal walking repeated nine times by two subjects; from top to

bottom, the plots are the second regression of the mean error (%), mean of p,
and variance of p versus practical walking speed (m/s).

estimation, it is still too early to say that the pattern may reflect
distinct gait characteristics for each individual. This could lead
to interesting observations and is currently under investigation.

Two test subjects were asked to walk at lower and higher
speeds. Fig. 12 depicts the relation among different walking
speeds and associated estimation errors. The error is increased
when the speed is away from the normal range. Note that the
variation of the mean and standard deviation of p is very small
(within the range of 0.01 and 0.0001). This indicates that adjust-
ing the rolling-foot radius cannot describe the walking behavior
well at lower and higher speeds. Further, investigation is un-
derway to consider combinations of different gait patterns for a
more accurate prediction.

V. CONCLUSION

A human-walking speed estimation algorithm is presented
which uses only acceleration signals at the center of the waist.
The algorithm is based on a kinematic model which combines
the inverted pendulum model and the rolling-foot behavior into
kinematic equations. In addition, the effect of waist rotation
is also considered to achieve a more accurate estimation, and
this extends the walking model into a three conjunction rod
structure to describe the walking behavior approximating the
practical case. The advantage of the proposed method, compared
with learning methods or statistical regression, is that a training
procedure is not needed. Experimental results from 20 subjects
show the effectiveness of the proposed method in the normal
walking-speed range, where a 0.58% mean error and 0.72%
standard deviation are achieved. The result also confirms that the
average ratio of the rolling-foot radius to the leg length achieves

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 8, AUGUST 2013

the minimum metabolic rate. However, variations of the ratio
during a walking cycle reveal different patterns for different
individuals. Modifications of the proposed method to extend the
speed-estimation range are currently under investigation.

APPENDIX
INITIAL CONDITIONS AND PARAMETERS OF UKF

The initial conditions and parameters chosen for the un-
scented Kalman filter are as follows. The state initial conditions
are set to zero. The measurement covariance matrix is set ac-
cording to the standard deviation of accelerometer signals in the
stationary condition. The process noise covariance matrix has
equal weight for both states and the scale is equivalent to the
measurement covariance. In this way, the state update will fol-
low the measurement closely as explained and other parameters
are selected following the work in [27] and [28].

20)=E[x]=[0 0]
)

Pyo) = E [(x — %(0))(x — %(0))"] = diag(0.1)

YKF = vV Lukr + Aukr
Aukr = ogip (Lukr + K) — Lukr
Pukr = 2
aygr = le —3
k =0or3 — Lykr

Lykr = dimension of the state = 2

Q = process noise covariance = 0.1 0
-P 1o o1
. . 02 0
R = measurement noise covariance =
0 0.1
(m) AUKF
W, = ——
0 Lykr + Avkr
, AUKF
Wi = —2EE (1 -y +
0 Luxe + Aurr ( vkr + Bukr)
m C ]- .
Wi( n) :Wi( ) — i =1,2,...,2Lykp

~ 2(Luxr + Auxr)

REFERENCES

[1] J.J. Kavanagh and H. B. Menz, “Accelerometry: A technique for quanti-
fying movement patterns during walking,” Gait Posture, vol. 28, pp. 1-15,
2008.

[2] A. Godfrey, R. Conway, D. Meagher, and G. ()Laighin, “Direct measure-
ment of human movement by accelerometry,” Med. Eng. Phys., vol. 30,
pp. 1364-1386, 2008.

[3] S.J.Preece,J. Y. Goulermas, L. P. J. Kenney, D. Howard, K. Meijer, and
R. Crompton, “Activity identification using body-mounted sensors—A
review of classification techniques,” Physiol. Meas., vol. 30, pp. R1-R33,
2009.

[4] J. A. Hesch and S. 1. Roumeliotis, “An indoor localization aid for the
visually impaired,” in Proc. IEEE Int. Conf. Rob. Autom., Apr. 10-14,
2007, pp. 3545-3551.

[S] D. Alvarez, R. C. Gonzalez, A. Lopez, and J. C. Alvarez, “Comparison
of step length estimators from wearable accelerometer devices,” in Proc.
28th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., New York, NY, USA,
Aug. 2006, pp. 5964-5967.



HU et al.: KINEMATIC HUMAN-WALKING MODEL FOR THE NORMAL-GAIT-SPEED ESTIMATION 2279

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

K. Aminian, P. Robert, E. Quier, and Y. Schutz, “Estimation of speed and
incline of walking using neural network,” IEEE Trans. Instrum. Meas.,
vol. 44, no. 3, pp. 743-746, Jun. 1995.

Y. Schutz, S. Weinsier, P. Terrier, and D. Durrer, “A new accelerometric
method to assess the daily walking practice,” Int. J Obes. Relat. Metab.
Disord., vol. 26, pp. 111-118, 2002.

Y. Song, S. Shin, S. Kim, D. Lee, and K. H. Lee, “Speed estimation from
a tri-axial accelerometer using neural networks,” in Proc. 29th Annu. Int.
Conf. IEEE EMBS, 2007, pp. 3224-3227.

Z. He and W. Zhang, “Estimation of walking speed using accelerometer
and artificial neural networks,” Commun. Comput. Inf. Sci., vol. 159, no. 1,
pp. 4247, 2011.

M. Kourogi and T. Kurata, “Personal positioning based on walking loco-
motion analysis with self-contained sensors and a wearable camera,” in
Proc. Int. Society Mag. Resonance, Tokyo, Japan, 2003, pp. 103-112.
A. M. Sabatini, C. Martelloni, S. Scapellato, and F. Cavallo, “Assessment
of walking features from foot inertial sensing,” IEEE Trans. Biomed. Eng.,
vol. 52, no. 3, pp. 486494, Mar. 2005.

F. Cavallo, A. M. Sabatini, and V. Genovese, “A step toward GPS/INS
personal navigation systems: Real-time assessment of gait by foot inertial
sensing,” in Proc. IEEE/RSJ Int. Conf. Intell. Rob. Syst., Aug. 2—6, 2005,
pp. 1187-1191.

E. Foxlin, “Pedestrian tracking with shoe-mounted inertial sensors,” [EEE
Comput. Graph. Appl., vol. 25, no. 6, pp. 38-46, Nov./Dec. 2005.

E. Bishop and Q. Li, “Walking speed estimation using shank-mounted
accelerometers,” in Proc. IEEE Int. Conf. Rob. Autom., Anchorage, AK,
USA, May 2010, pp. 5096-5101.

S. A. Gard and D. S. Childress, “What determines the vertical displace-
ment of the body during normal walking?,” J. Prosthet. Orthot., vol. 13,
pp. 64-67, 2001.

C. R. Lee and C. T. Farley, “Determinants of the center of mass trajectory
in human walking and running,” J. Exp. Biol., vol. 201, pp. 2935-2944,
1998.

P. G. Adamczyk, S. H. Collins, and A. D. Kuo, “The advantages of a
rolling foot in human walking,” J. Exp. Biol., vol. 209, pp. 3953-3963,
2006.

D. A. Neumann, Kinesiology of the Musculoskeletal System: Foundation
for Physical Rehabilitation.  St. Louis, MO, USA: Mosby, 2002.

F. E. Zajac, R. R. Neptune, and S. A. Kautz, “Biomechanics and muscle
coordination of human walking—Part II: Lessons from dynamical simu-
lations and clinical implications,” Gait Posture, vol. 17, pp. 1-17, 2003.
A. D. Kuo, “The six determinants of gait and the inverted pendulum anal-
ogy: A dynamic walking perspective,” Hum. Mov. Sci., vol. 26, pp. 617—
656, 2007.

D. A. Kuo, J. M. Donelan, and A. Ruina, “Energetic consequences of
walking like an inverted pendulum: Step-to-step transitions,” Exerc. Sport
Sci. Rev., vol. 3, pp. 88-97, 2005.

H. Herr and M. Popovic, “Angular momentum in human walking,” J. Exp.
Biol., vol. 211, pp. 467-481, 2008.

B. Mariani, C. Hoskovec, S. Rochat, C. Biila, J. Penders, and K. Aminian,
“3-D gait assessment in young and elderly subjects using foot-worn inertial
sensors,” J. Biomech., vol. 43, no. 15, pp. 2999-3006, 2010.

G. A. Cavagna, H. Thys, and A. Zamboni, “The sources of external work
in level walking and running,” J. Physiol., Lond., vol. 262, pp. 639-657,
1976.

C.Y.LeeandlJ. J. Lee, “Estimation of walking behavior using accelerome-
ters in gait rehabilitation,” Int. J. Human-friendly Welf. Robot. Syst., vol. 3,
no. 2, pp. 32-36, 2002.

H. Vathsangam, A. Emken, D. Spruijt-Metz, and G. S. Sukhatme, “To-
ward free-living walking speed estimation using Gaussian process based
regression with on-body accelerometers and gyroscopes,” in Proc. 4th
Int. Conf. NO PERMISSIONS Pervasive Comput. Technol. Healthcare
(PervasiveHealth), Mar. 2010, pp. 1-8.

H. Vathsangam, A. Emken, D. Spruijt-Metz, and G. S. Sukhatme, “The un-
scented Kalman filter,” in Kalman Filtering and Neural Networks. New
York, NY, USA: Wiley, 2001, ch. 7.

[28] S. Julier and J. Uhlmann, “A new extension of the Kalman filter to non-
linear systems,” Proc. SPIE, vol. 3068, pp. 182-193, 1997.

[29] Q. Li, M Young, V Naing, and J. M. Donelan, “Walking speed and slope
estimation using shank-mounted inertial measurement units,” J. Biomech.,
vol. 43, no. 8, pp. 1640-1643, May 2010.

Jwu-Sheng Hu (M’94) received the B.S. degree from
the Department of Mechanical Engineering, National
Taiwan University, Taipei City, Taiwan, in 1984, and
the M.S. and Ph.D. degrees from the Department of
Mechanical Engineering, University of California at
Berkeley, Berkeley, CA, USA, in 1988 and 1990, re-
spectively.

From 1991-1993, he was an Assistant Profes-

[ sor in the Department of Mechanical Engineering,
| H'( Wayne State University, Detroit, MI, USA, In 1993,
he joined the Department of Electrical Engineering,
National Chiao Tung University, Hsinchu, Taiwan, and became a Full Professor
in 1998 and has been serving as the Vice-Chairman of the Department since
2006. Since 2008, he has been working in-part at the Industrial Technology
Research Institute (ITRI), Hsinchu, where he serves as the Advisor for the In-
telligent Robotics program and Principle Investigator of several join research
projects on robotics across academia, industry, and research institutions. He also
serves as a Research Faculty at the National Chip Implementation Center (CIC)
of Taiwan for embedded system design applications. His current research inter-
ests include robotics, microphone array, mechatronics, and embedded systems.

He received the Research Initiation Award from the National Science Foun-
dation. He is now the Chairman of the Taipei Chapter, IEEE RA Society.

Kuan-Chun Sun was born in Kaohsiung, Taiwan,
in 1985. He received the B.S. degree and the M.S.
degree in electrical and control engineering from Na-
tional Chiao Tung University, Taiwan, in 2008 and
2009 respectively, where he is currently working to-
ward the Ph.D. degree in the Department of Electrical
and Control Engineering, National Chiao Tung Uni-
versity, Hsinchu, Taiwan.

His research interests include signal processing,
IMU sensor fusion, robotics, Kalman filtering, H in-
finity filtering, optimization.

Chi-Yuan Cheng was born in Taipei, Taiwan, in
1989. He received the B.S. degree in electrical and
control engineering from National Chiao Tung Uni-
versity, Hsinchu, Taiwan, in 2011, where he is cur-
rently working toward the M.S. degree from the De-
partment of Electrical and Control Engineering.

His research interests include human gait esti-
mation, GPS/IMU integrated navigation system, and
adaptive noise estimation.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


