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Abstract—In this paper, an ultrasonic-based system for foot
parameters measurement has been proposed and investigated.
An extended Kalman filtering-based methodology has been de-
veloped to extract foot parameters including step length, stride
length and cycle time from horizontal displacement during
walking. The system comprises of one ultrasonic transmitter
(mobile) and four ultrasonic receivers (anchors) with fixed
known positions. A Radio Frequency (RF) module is used in
our system not only to provide synchronization clock between
the mobile and anchors, but also to transmit collected data
wirelessly to reduce the wires used. To evaluate the performance
of the proposed system, the 2-dimensional foot displacement
and the foot parameters were measured and validated against
the reference camera motion capture system. These experiment
results demonstrate the capability of the proposed system being
used as a gait analysis tool for rehabilitation and other medical
applications.

I. INTRODUCTION

The most accurate and standard system for tracking of
human movement is optical motion analysis using more
than one high-speed camera to capture human motion [1].
However, optical tracking system needs high-speed graphic
signal processing devices and complex pre-calibration exper-
iments, which are often prohibitive for routine application. In
addition, optical system has high requirements for lighting.
It is sensitive to changes in lighting, clutter and shadow [2].

Therefore, many wearable sensor systems with easily oper-
ation, lower cost and less restrictions to human has attracted
more and more attentions in clinical applications [3]. In [4],
an unrestrained measurement system of upper-limb motion
based on accelerometer only has been proposed. Additional-
ly, the combination of accelerometer and gyroscope is always
used to human motion tracking including limb orientation
measurement [5], [6], walking feature assessment [7], and
daily activity recognition [8]. Using accelerometer and gy-
roscope combination with other sensors, such as ground reac-
tion force sensor, researchers are introduced some techniques
to detect gait phase during walking [3], [9]. As all author
stated that it is necessary to rectify a cycle from data of
accelerometer or gyroscope for further integration to get the
orientation or displacement calculation. This action aims to
guarantee a stable and drift-free estimation. However, the
initial condition may be difficult to handle, such as special
implementation like measurement of walking features, where
the heel may never contact the ground. Furthermore, due
to the error accumulation over time, long term monitoring
maybe another issue for inertial tracking system.
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Impulse-Radio Ultra-wideband (IR-UWB) radio is a
promising technique for wearable healthcare system to con-
tinuously estimate human movement due to its high temporal
resolution, low power consumption and multipath immunity
[10]. Particularly, wearable UWB radios is well suited for
physicians to monitor the degree of motor impairment and
to inspect patients response to therapy, since they can provide
high ranging and positioning accuracies especially in indoor
environment [10]. It is, however, difficult to sample the
received signal in real time with current Analog to Digital
Converter (ADC) technology due to its large bandwidth of
UWRB pulse. Furthermore, the clock between transmitter and
receiver should be strictly synchronized, because even small
clock drift would produce significant measurement error due
to its high transmission speed [11].

In this paper, a wireless wearable sensor system based
on wearable ultrasonic sensor during treadmill walking is
proposed. The objective is to allow patients to be monitored
under an unrestrained environment. The proposed approach
makes use of the wireless sensor network concept with
all the mobile sensor nodes communicating wirelessly with
the coordinator. These sensor nodes are light and small for
attaching to the human foot. Furthermore, it is low cost as
compared to the camera based motion capture system.

A brief overview of the configuration of the wireless
wearable ultrasonic system is given in Section II. Section
IIT describes the proposed measurement system using state-
space methods to continuously track foot displacement dur-
ing treadmill walking. Experimental validation is conducted
against camera based motion capture system in Section IV.
Finally, discussion and conclusion are made in Section V.

II. SYSTEM CONFIGURATION

Fig. 1 shows the general configuration of the system [12].
The system comprises of a coordinator, a data transmission
module, anchors, a mobile and a personal computer. The
mobile consists of an ultrasound transmitter and RF module.
The RF module on the mobile provides synchronization
clock between the mobile and anchors. An anchor is com-
posed of an ultrasound receiver, temperature sensor and RF
module. Since the speed of light is sensitive to surrounding
temperature, the temperature sensor is added. The RF module
on the anchor is used to identify the coming ultrasound
signal and open the timers to obtain propagation delays of
the ultrasound signal.
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Fig. 1. General configuration of the system

Once upon the necessary data have been collected by
the coordinator, they are transferred wirelessly through RF
module to data transmission module, and then forward to
personal computer through RS232 cable for post-processing.

The proposed system measures the Time-of-Arrival (TOA)
of the ultrasonic signal from mobile to anchors. Together
with the knowledge of the anchor’s position, the absolute
distance that the signal travels can be computed. Then, the
range information defines a circle centered at this anchor
with radius equal to the measured distance, and the mobile
resides within the intersections of several such circles.

Fig. 2 shows how horizontal displacement is used to
estimate step length, stride length and cycle time during
treadmill walking. With respect to the j-th gait cycle, the
estimator of the temporal foot parameters are as follows.

« Stride length, SL:
SL(j) = 25(J)
S(j) = Max(j)
¢ Cycle time, CT:
CT(j) = Index(Max(j+1))

— Min(j) b

—Index(Max(j)) (2)

« Velocity, V:
V(j) =SL(j))/CT(j) 3)

III. DISPLACEMENT MEASUREMENT BASED ON
EXTENDED KALMAN FILTER

To identify the aforementioned foot parameters, the dis-
placement of foot should be estimated, especially in hori-
zontal direction. In two-dimensional space, the distances to
four anchors with known positions can be used to compute
the position of a mobile (x,y), which is attached to the heel
of the foot, using the equation:

di =/ (=) + (5 3)? o)

<« Cycletime —>

Fig. 2. Schema of Step Length and Cycle Time

where (x;,y;) is the coordinates of anchor i (i=1,2,3,4). We
design an Extended Kalman Filter (EKF) using a state vector
with two cartesian coordinates (x,y). Therefore, the state
transition equation from time step k— 1 to k can be expressed
as

Xe =Xe—1+ 911 &)

where X; = [x; y|T. The process noise is g;,_; ~N(0,Qx_1).
The covariance matrix Q1 accounts for the un-modeled
factors of the system that will be treated as random noise. It
becomes:
v _|&T O
ot-1= 4" O] ©
where T is sampling period. In most cases, g, and g, can be
considered as the velocity in x and y directions, respectively.
Let dj; denote the measured distance at ith anchor using
the equation:

dix = \/(Xk —x1)+ (e —y1)” +en
oy = \/(xk x2)*+ (ke —y2)° + ex o
\/(xk—x3)2+()’k 3)*+es
dy = \/ (e —xa)> + (e —y4)” + e
where e;; is distance measurement error at anchor i.
Stacking all distance information, we can get
Dy, =H,.X;+E; (8)
where Dy = [di doy dax dux]”, Ex = [e1x eax e3x ear)”, and Hy

is measurement model matrix, which is a Jacobian matrix,
defined as:

9dy %
e y
H, = ﬁ ey 9
) dy
adik 8de
Jx dy
where
8dl-k _ Xk — Xi
ax 2 2
V=) + (e —y0)
(10
Idiy _ Yk — Vi
dy

\/(xk —x)” + (=)
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Fig. 3. Wireless unit with embedded ultrasonic transmitter attached on
foot, and three reflective markers fixed on toe, heel and shank for reference
camera based motion capture system.

We have made an assumption that the distance mea-
surements of each anchor is independent among the four
anchors. This will provide a diagonal measurement noise
matrix, Ry = diag(e%,e%,e%,ei). e; is always considered as
the standard deviations of the measurement error of anchor
i.

Using the measurement model, the position of mobile is
determined by following EKF algorithm.

o Prediction:

X=X
ok (11)
Be=P_1+ 0k
« Update:
Ky = BHT (H BHT +R;) ™!
X; = X + Ki (D — HiX) (12)

Py = (I — KyHy) P

where £, and P, are the predicted mean and covariance
of the state, respectively, for time step k before getting
measurement result; X; and P, are the estimated mean and
covariance of the state, respectively for time step k after
getting measurement result; Kj is the Kalman filter gain.

IV. MEASUREMENT RESULTS

The proposed method was tested in measurement of 2-
dimensional foot displacement during treadmill walking, as
shown in Fig. 3. A mobile node constructed by an ultrasound
transmitter and RF module is attached to the subjects’s heel
and is fixed by elastic strap on the left foot. Since all the
data were transmitted to data transmission module wirelessly,
there is no additional equipments mounting on the body of
subjects in our system.

1) Experiment Setup: The measurement was conducted
in a motion analysis lab with eight high speed cameras
in the School of Mechanical and Aerospace Engineering
at Nanyang Technological University. The eight camera
analysis system was used to provide independent reference
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Fig. 4. Foot trajectory during walking in 2-dimensional space (a) Horizontal
displacement, and Vertical displacement (foot clearance) is compared with
camera based reference system by using ultrasonic sensors.
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Fig. 5. The foot kinematics (Stride length, Cycle time, and Velocity)

obtained from both ultrasonic and optical system during treadmill walking.

measurements and used for the validation of the ultrasonic
system. The subject was required to walk on treadmill
without shoes or wear regular shoes without high heels, and
repeat several times at a specific speed. The camera system
tracked the position of three reflective markers placed on toe,
heel and shank extremities of subject’s foot or shoe according
to Fig. 3. Actually, one reflective marker on heel was enough
to provide a reference data for validation. The other two
reflective markers were used to create a template for better
tracking in camera based motion capture system.

TABLE I
MEAN DIFFERENCE, STANDARD DEVIATION (STD), AND AGREEMENT
(PCC) OF THE PROPOSED ULTRASONIC SYSTEM FOR DISPLACEMENT
MEASUREMENT DURING TREADMILL WALKING

Mean STD

(mm) (mm) PCC
Horizontal displacement 0.16 40.44  0.997
Vertical displacement 0.25 11.30  0.965
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TABLE I
MEAN DIFFERENCE AND STANDARD DEVIATION BETWEEN
ULTRASONIC AND OPTICAL MEASUREMENT SYSTEM

Camera Ultrasound Difference
Mean STD Mean STD MD STD
SL (cm) 104.4 2.42 109.8 4.08 -5.42 2.35
CT (s) 1.67 0.033 1.67 0.073 | 0.0015 | 0.074
V (cm/s) | 62.63 0.88 66.05 3.45 -3.41 3.31

2) Results: To verify the accuracy of the proposed system,
the mean and standard deviation value of the difference
between parameters extracted with camera based reference
system were computed. The accuracy of the 2-dimensional
displacement was also compared in terms of Pearson’s
correlation coefficient (PCC). Good correspondence of foot
displacements between proposed system and the reference
camera based system is shown in Fig. 4. Table I lists the
numerical comparison of the displacements in horizontal and
vertical direction. Horizontal displacement was obtained with
an error of 0.16 +40.44 mm (expressed as the mean +
STD of the set of difference with the reference system) for
kalman filter, together with high PCC value of 0.997. The
mean difference and STD of the vertical displacement was
0.25+11.30 mm, which had high similarity of 0.965 with
the results of reference system. These displacements were
estimated using extended Kalman filter, which is robust and
not sensitive to the distributed geometry of anchors.

The experimental results for foot kinematics (Stride length,
Cycle time, and Velocity) are shown in Fig. 5. Table II
lists the comparison between proposed ultrasonic system and
reference camera based system for walking speed, cycle time
and stride length, respectively. As shown in Table II, foot
kinematics obtained from the test shows that mean values
of all foot parameters are very close. For all the collected
data, the cycle time of interest were estimated with a mean
difference from the reference camera based system of less
than 0.074s. For all these three estimated foot parameters,
stride length had the relatively high error. It is possible that
the attachment of the ultrasonic sensor and reflective markers
is not strictly on the same point, therefore, the mean error
may be a little bit large in our system, thus introducing errors
in the velocity calculation.

V. DISCUSSION AND CONCLUSION

We use state-space methods to estimate the 2-dimensional
displacements of foot during treadmill walking using one
ultrasonic transmitter and four receivers. To estimate the 2-
dimensional displacements of foot, we use the EKF which is
more computationally efficient compared to other filters like
Unscented Kalman Filter (UKF). This is because the EKF
estimates for our system are as accurate as the estimates
obtained with more complicated filters like UKF.

In our experiments, the subject is instructed to walk
over several minutes period. Other researchers [4] have also
investigate foot kinematics using inertial sensors (accelerom-
eters, gyroscopes or both). Their experiments were conducted
under slow movements or a limited number of consecutive

strides to eliminate the error accumulation over time, since
the displacements are estimated by either integrating the
velocities or double integrating the measured accelerations.
However, our proposed system does not have such limitations
and does not have error accumulation even for prolonged
measurement durations.

In summary, this study proposes a novel measurement
system using wearable ultrasonic sensor to measure the foot
kinematics continuously during walking. To evaluate the
performance of the proposed system, the foot kinematics was
measured and validated against the reference camera based
motion capture system. These experiments demonstrate that
the results from the proposed ultrasonic measurement system
have high correspondence with the results from camera
based motion capture system over long walking period.
Additionally, the proposed system is easy to wear and to
use. It does not restrict the movement of patients or subjects
with bulky cables.

REFERENCES

[1] Tao Liu, Yoshio Inoue, and Kyoko Shibata. Development of a wearable
sensor system for quantitative gait analysis. Measurement, 42(7):978—
988, 2009.

[2] Guo Xiong Lee and Kay-Soon Low. A factorized quaternion approach
to determine the arm motions using triaxial accelerometers with
anatomical and sensor constraints. Instrumentation and Measurement,
IEEE Transactions on, 61(6):1793-1802, 2012.

[3] Tao Liu, Yoshio Inoue, and Kyoko Shibata. A wearable ground
reaction force sensor system and its application to the measurement
of extrinsic gait variability. Sensors, 10(11):10240-10255, 2010.

[4] G.X. Lee, K.S. Low, and T. Taher. Unrestrained measurement of arm
motion based on a wearable wireless sensor network. Instrumentation
and Measurement, IEEE Transactions on, 59(5):1309-1317, 2010.

[5] Rick A Hyde, Laurence P Ketteringham, Simon A Neild, and Rosie JS
Jones. Estimation of upper-limb orientation based on accelerometer
and gyroscope measurements. Biomedical Engineering, IEEE Trans-
actions on, 55(2):746-754, 2008.

[6] Vincent Bonnet, Claudia Mazza, Philippe Fraisse, and Aurelio Cap-
pozzo. Real-time estimate of body kinematics during a planar squat
task using a single inertial measurement unit. Biomedical Engineering,
IEEE Transactions on, 2013.

[71 Angelo M Sabatini, Chiara Martelloni, Sergio Scapellato, and Filippo
Cavallo. Assessment of walking features from foot inertial sensing.
Biomedical Engineering, IEEE Transactions on, 52(3):486—494, 2005.

[8] Mi Zhang and A Sawchuk. Human daily activity recognition with
sparse representation using wearable sensors. Biomedical and Health
Informatics, IEEE Journal of, 17(3):553-560, 2013.

[9] Ion PI Pappas, Milos R Popovic, Thierry Keller, Volker Dietz, and
Manfred Morari. A reliable gait phase detection system. Neural Sys-
tems and Rehabilitation Engineering, IEEE Transactions on, 9(2):113—
125, 2001.

[10] Yongbin Qi, Cheong Boon Soh, Erry Gunawan, Kay-Soon Low, and
Arash Maskooki. A novel approach to joint flexion/extension angles
measurement based on wearable UWB radios. Biomedical and Health
Informatics, IEEE Journal of, 18(1):300-308, 2014.

[11] Y. Zhou, CL Law, and J. Xia. Ultra low-power uwb-rfid system
for precise location-aware applications. In Wireless Communications
and Networking Conference Workshops (WCNCW), 2012 IEEE, pages
154-158. IEEE, 2012.

[12] Yongbin Qi, Cheong Boon Soh, Erry Gunawan, and Kay-Soon Low.
Ambulatory measurement of 3-dimensional foot displacement during
treadmill walking using wearable wireless ultrasonic sensor network.
accepted for publication on Biomedical and Health Informatics, IEEE
Journal of.

6285



