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Abstract—During the rehabilitation training, the methods of
gait analysis and planning are very important. We must
consider the simplicity of implementation and the validity of
method used. Combined with ultra-wideband wireless body
area network, gyroscopes, acceleration sensors and TOA
positioning technology, we proposed a gait analysis method
that is also effective in three-dimensional space. After
summarizing the existing methods of gait analysis, we point
out the shortcomings of commonly method based video
motion capture and the advantages of ultra-wideband
wireless sensor networks. Then, we propose a method for
three dimensional gait analysis within UWB wireless body
area networks. The acceleration and angular velocity data of
each sensor unit were measured during level walking. Based
on the positioning algorithm, the location, acceleration and
angular velocity data of each node can be calculated during
level walking by the UWB wireless sensor networks. Define
global coordinate and local coordinate and combine, we are
able to establish lower limb gait kinematic equations.
Keywords- Gait Analysis; Ultra-wideband; Wireless Body
Area Networks, TOA, WSN

I.

INTRODUCTION

The recent development of Wireless Body Area Networks
(WBANs) arouses widespread concern. As one kind of
small and low-power wearable wireless devices, it is on
the verge of full new market needs in a variety of
application such as distant posture detection,
physiological or activity monitoring, wireless medical
actuators and implants, assistance to medical diagnosis,
motion capture for gaming or sports analysis, personal
communications and multimedia etc. The architecture of
WBANs is shown in Fig .l. Most of all, WBANs rely on
emerging radio technologies such as Narrow-Band
solutions at 2.4 GHz based on e.g., Bluetooth - Low
Energy, or Impulse Radio - Ultra Wideband (IR-UWB)
solutions, which has the advantages of Ultra Low Power
(ULP) consumption, low complexity, and low cost.
Federal Communications Commission (FCC) regulate
that the frequency for the UWB technique is from 3.1
GHz to 10.6 GHz in America. However, in Europe, the
frequencies include two parts: from 3.4 GHz to 4.8 GHz
and 6 GHz to 8.5 GHz. The recent IEEE 802.15.6
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standard dedicated to WBANs applications [11].
Nowadays, another rapid development of UWB
technology in the wireless industry is the precise TOAbased indoor localization [1]. Some unique features of
UWB make it very suitable for localization for WBANs in
medical areas and it would not disturb the existing
equipments because of the strict power radiation
requirement.

Figure 1. Architecture of body area network [3]

Considered the power consumption, WBAN nodes
usually embed extremely low-power sensors and actuators,
especially the wearable devices. In the near future,
wearable systems could drastically change our daily life,
by participating as local building components and key
contributors into the Internet of Things. The architecture
skeleton combined with WBANs could play a significant
role in rehabilitation. The traditional motion capture with
the video sensors at the body scale is shown in Fig .2
(from documentation of OpenSim).
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Figure 2. Human walking with experimental markers

II.

REVIEW OF GAIT ANALYSIS TECHNOLOGIES

There are a great many studies on the different aspects of
the human gait. The following section contains a simple
description of some studies on the newest technologies
mainly used in human gait analysis and recognition.
However, the studies of human gait mainly initially rely
on the naked eye observation because of lacking of
effective scientific and objective methods of measurement.
Until recently, the application of instrumental gait
analysis in clinical practice was quickly developed. With
the development of computer technology and video
cameras, many new method of gait analysis appeared. The
method of optical systems is based on illuminated and
reflective markers placed on the body. The localization of
any on-body marker necessitates that the latter is viewed
by at least two external cameras, which have known
positions and orientations. In the image processing
method, several digital or analog cameras with lens are
used to gather gait-related information. Techniques such
as threshold filtering are just some of the possible ways to
gather data to measure the gait variables, by which the
images are converted into black and white and calculate
the number of light or dark pixels or background
segmentation which simply removes the background of
the image.
Fig .3 is an example of typical operating scenario and
deployment of the F40 motion capture system at
University of California. Such optical tracking systems
are generally characterized by high localization accuracy
and they are able to support real-time motion capture
and/or navigation applications. However, they have
limitations that may prevent from considering them in the
very context, such as cost, complexity or the necessity to
operate in geographically restricted and closed areas. On
the other hand, vision motion capture system also suffer
from non visibility problems, when the markers cannot be
viewed by the surrounding cameras in cases of
obstructions and/or obscurity conditions, and thus, the
achieved accuracy can be reduced accordingly.

III.

ON-BODY LOCALIZATION BASED ON RADIO

A. on-body radio tracking
The wireless localization functionality in radiolocation
systems typically relies on the analysis of radio signals
transmitted with respect to multiple anchors or to other
mobile devices (shown in Fig .4). The methods of
localization based on radio are usually divided into the
following categories: Time Of Arrival (TOA) of the
transmitted signal, the Time Difference of Arrival
(TDOA), which can be formed out of TOA estimates at
synchronized receivers, and the Received Signal Strength
Indicator (RSSI), which is based on the distancedependent average power loss.

Figure 4. System deployment for on-body radio tracking [4]

B. TOA estimation over IR-UWB
For positioning systems employing UWB radios, timebased schemes provide very good accuracy due to the
high time resolution (large bandwidth) of UWB signals
[2]. In TOA localization systems, MT localization is
achieved by estimating the radio propagation times related
to the MT location. These are obtained by exchanging
radio signals with N fixed base stations or access points
(APs), which are placed in known positions. Localization
is then obtained by tri-lateration (ie N=3) using only the
minimum number of APs, or by multi-lateration (ie N>3)
to increase the method robustness. In the indoor UWB
mobile systems, the radio localization based on time is
worsened by non-line-of-sight (NLOS) conditions due to
signal blocking. In NLOS conditions the first arrivals can
be heavily softened, so a strong bias in delay estimation is
introduced. The scenario of UWB signal propagation and
principle of localization are shown in Fig .5 and Fig .6
respectively.

Figure 3. F40 motion capture system at University of California [2]
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Figure 5. The scenario of UWB signal propagation
Figure 7. WBANs configuration [13]

Figure 6. Principal of localization

C. On-body radio tracking in in WBANs
The localization based on TOA estimation over IR-UWB
links, can directly reflect peer to peer ranges between
radio devices. These measurements then subsequently
feed positioning or tracking algorithms to deliver the
coordinates of mobile nodes in a given reference system.
Fig .7 shows an example of typical scenario and system
deployment for on-body radio tracking, which could be
applied in a WBAN-oriented context. The final positional
precision is obviously related to the level of ranging
precision over unitary single links. For radio signals
propagating at celerity c, the distance between a
transmitter and a receiver is straightforwardly given by
the product of the Arrival of Time (TOA) and c . In an
ideal synchronous case, the TOA, so defined as the
elapsed time for propagating the radio signal from the
transmitter to the receiver, would be simply given by:
TOAi  ti  t0 , where t0 is the time instant at which the

Generally, in a WSN, the positions of some sensors are
known as anchor nodes, while there are some other
sensors as source nodes whose positions are unknown and
thus must be estimated using sensor localization. We can
estimate the sensor localization via noisy measurements in
a WSN. Sensor localization can be divided into two
general cases: cooperative and non-cooperative. In the
non-cooperative case, source nodes are only connected to
anchor nodes and the position of each source node is
estimated independently [2]. Generally, the algorithms
proposed for cooperative localization are divided into
centralized or distributed. In centralized cooperative
algorithms, the measurements are sent to a central
processor and the location of all source nodes are
estimated simultaneously. Whereas in distributed
algorithms, each source node is localized independently
and estimated data are passed through the neighboring
sensors. We are currently working on the Cooperative and
non-cooperative localization based on UWB TOA. Fig .8
is a schematic diagram of the location principle based on
the topology of wireless sensor networks.

Figure 8. Localization of WSNs [7]

transmitter starts transmitting and ti is the TOA at the
receiver, estimated locally in the observation window and
defined according to the local timeline.

IV.

GAIT A NALYSIS BASED ON WBANS

We attach IMUs to the leg yield an almost arbitrary
orientation of the IMU towards its segment, as illustrated
in Fig .9. Then, the data calculated from the inertial
measurement data are transformed into joint-related
592

coordinate systems, in which one or two axes coincide
with the joint axis and the longitudinal axis of the segment.
The hip joint angle and the knee joint angle can be
calculated from the appropriate inertial measurement data.
However, this is a challenging job to complete the IMUbased joint angle measurement, specifically on non hingetype joints. Combined with UWB WBANs, the
localization of sensor nodes are collected and the
kinematic of the lower limb can be exploited. In addition,
we can also estimate the torque and power of the
movement in each joint of the lower limb based on the
information provided by the gyroscopes. Combined with
two independent gyroscopes, placed distal and proximally
to the joint of interest, the absolute angular velocity of
joint in its active axis can be measured.Fig .9 illustrates
the placement of the gyroscopes. With the gyroscopes in
this position is possible to measure the following
movements of the lower limb: Hip flexton, Hip extension,
Knee flexton, Knee extension, Ankle dorstflexton, Ankle
plantarflexton and so on.
Figure 10. Scheme of the sliding mode control [8]

V.

CONCLUSION

This paper proposes a method for three dimensional gait
analysis using UWB WBANs. The traditional approach
based video capture has a low accuracy and a high cost.
TOA estimation based on UWB WBANs has high
temporal resolution capabilities because of short
transmitted pulses whose duration is on the order of a few
nanoseconds. Thus, it is best choices for accurate range
measurements between on-body devices in the general
WBANs context, especially in terms of both the required
transmission ranges and relative levels of precision.

Figure 9. The placement of the gyroscopes [12]

In the lower limb model, six DOFs were considered, three
at the hip joint, one at the knee and two for the ankle. We
first define the coordinate frames according to the
D  H convention. The base frame is positioned at the
centre of the pelvis between the hips, at base X  Y  Z .
The hip frames correspond to the following rotations, as
indicated in Fig .10. Three different coordinate systems
were used. First, the sensor coordinate system represents
the three orthogonal axes in which the acceleration and
angular velocity are measured. Second is the segment
coordinate system for the body segments that each sensor
is attached to and last is the global coordinate system [8].
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