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Abstract. This paper presents our approach to reducing the power con-
sumption in our Gait Measurement System (GMS), which is the foun-
dation for various monitoring and assistive systems. Our GMS is a small
foot-mounted device based on an Inertial Measurement Unit (IMU), con-
taining an accelerometer and a gyroscope. It can compute gait param-
eters in real-time, including cadence, velocity and stride length, before
transmitting them to a nearby receiver via a radio frequency (RF) mod-
ule. Our power saving strategy exploits the cooperation between both
hardware and software. By realizing on-chip computing, reducing RF
usage and enabling sleep mode, the GMS’s current consumption was
dramatically reduced. In active mode, the GMS consumes about 2.1mA,
while in standby mode, the current is only 20uA. Powered by a small
rechargeable 110mAh battery, we expect the GMS to last for months of
normal usage without recharging; a duration necessary for our intended
applications in e-health.
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1 Introduction

Gait measurement techniques aiming to estimate various spatio-temporal walk-
ing parameters (e.g., cadence and stride length) are the foundation for numerous
monitoring and assistive systems. From a technological perspective, there are
three kinds of approaches: machine vision based, floor sensor based and wear-
able sensor based [I]. The machine vision approach has been used to monitor
and track whole body movement, including highly accurate gait parameters. The
floor sensor based approach is also widely applied, wherein a series of pressure
sensors are placed on the floor or integrated into a mat, such that gait informa-
tion is collected when people walk across. Both machine vision and floor sensor
based approaches are restricted to use in a controlled environment; the gait mea-
surement must be conducted at a specific time or location, only where the video
or sensor mats are available.

By contrast, the wearable sensor based approach can move with the subject.
Inertial Measurement Units (IMUs) for motion analysis have become relatively
accurate and inexpensive. An IMU usually contains an accelerometer and/or
a gyroscope and perhaps a magnetometer, each recording along 3 (x,y,z) axes.
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The units are attached to the human body (e.g., on the waist, shank or foot) to
track motion. Since the units are becoming less expensive, they are finding ap-
plications in many fields, where previously you would not have considered using
them. For example, by analyzing people’s specific walking patterns, gait recog-
nition can achieve very high accuracy in human identification [2]. IMU-based
navigation system can be used in combination with GPS to improve accuracy
[3], or in situations where GPS is not available [4]. Many context-aware applica-
tions use inertial sensors to detect whether the person is stationary, walking or
running [5].

Our interest in IMU technology is in the Healthcare field, particularly with
people suffering from walking difficulties, such as Parkinson’s disease (PD) pa-
tients and stroke victims. Apart from the obvious use in measuring gait and
recording the improvement over time, we have a specific application in a music
therapy technique known as Rhythmic Auditory Stimulation (RAS), which of-
fers an alternative treatment method for PD and stroke patients [6]. To facilitate
and automate the music therapy procedures, our research group is developing
a RAS-based gait training system, which involves a gait detection sensor and a
tempo-based music search engine [7]. When the patients are having gait train-
ing, they can follow the rhythm of a selected song whose tempo is related to the
patients’ walking cadence. Therefore the convenient and real-time gait measure-
ment is a fundamental part for our system.

Power saving is an important problem for practical applications, especially for
mobile devices. However, few studies investigate the power consumption of an
IMU-based Gait Measurement System (GMS). In our context, it is important to
make a GMS that can be used in the field for a long time without maintenance.
A related work is the Kalman Filter based power optimization [§], but it is in a
quite different scenario.

In this paper, we describe the design and optimizations we used to reduce
power consumption in our IMU-based Gait Measurement System. Our GMS
measures a range of spatio-temporal gait parameters to assess in detail a patient’s
walking ability, for use in a clinical environment. In the future, it could also be
integrated with other context-aware applications.

Our GMS is a tiny, low-cost and very power-efficient device with the capabil-
ity of real-time on-chip gait parameters calculation, including cadence, velocity,
stride length and so on. Although our GMS is built up with very inexpensive
components, the average stride length measurement error is smaller than 3%, and
the error of total walking distance measurement is less than 2%. These accuracy
results are comparable with those obtained from expensive sensors as reported
in literature [4[9/10]. By realizing on-chip computing, reducing RF usage and
enabling sleep mode, the GMS’s current consumption drops greatly. In active
mode, when the patient is walking, the GMS consumes about 2.1mA, while in
standby mode, when the patient is stationary, the current is only about 20uA.
We expect the unit to last for months of normal usage without recharging, pow-
ered by a small rechargeable 110mAh battery. If the unit needs to be recharged
it can be connected to a USB port and recharged in an hour or so.
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The remainder of the paper is organized as follows. In Section 2, we present
an overview of the GMS prototype, and briefly describe the gait parameters
measurement. In Section 3, we introduce three versions of GMS with differ-
ent power-saving strategies, and compare their power efficiency by experiments.
Conclusions and future work are provided in Section 4.

2 System Overview

2.1 Prototype Architecture

The GMS prototype consists of an ATmega328 based microcontroller board (Ar-
duino Pro Mini), an IMU, a RF module (RFM12B), and a 3.7 volt Lithium-ion
battery. The IMU is a combo board with 6 degrees of freedom (DOF): a 3-axis
accelerometer (ADXL345) and a 3-axis gyroscope (ITG-3200). Figure [I shows
these components, communicating over a shared communication link.
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Fig. 1. Block diagram showing the power conditioning and charging circuitry (PSU),
microcontroller (uC), accelerometer, gyro, and RF module

The prototype uses I?C for communication between the microcontroller, the
IMU and the RF module. The RFM12B 868MHz RF module provides a bi-
directional data service at over 100kb/s over 100 metres (outside), and has an
ultra-low power standby mode. We have experimented with techniques to use
redundancy to recover from errors in transmission, and have found the unit
reliable in our context.

The configuration of the IMU in the prototype is listed in Table [l

Table 1. Accelerometer and gyroscope configurations

Accelerometer Gyroscope
Range +16 ¢ 42000 °/s
Resolution 13 bits 16 bits
Sensitivity 256 LSBs / ¢ 14.375 LSBs / °/s

Sampling Rate 100 Hz 100 Hz
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Fig. 2. The GMS prototype attached to a shoe

The complete system measures 34mmx 18mmx 11mm in size and weighs 9g
(battery included). It is shown in use, attached to a shoe in Fig.

After the GMS is assembled, the IMU sensors must be calibrated once, record-
ing the offset and precision of each axis. These parameters are used by the on-chip
software, and affect the measurement accuracy. When using the GMS, it is at-
tached to the heel (on the sock, shoe or directly on the calcaneus). The GMS
automatically detects if the patient is walking, and if so, calculates and records
accumulated gait information. The calculated gait parameters for each stride are
sent to a receiver via the RF module. If the patient is stationary, the system goes
to sleep, drawing very little current, but waking up from time to time to see if
the foot has moved.

2.2 Gait Measurement

We attach the GMS to the heel as shown in Fig. Bl Since we are primarily
interested in the patient’s horizontal movement, we calculate the horizontal ac-
celeration (ap) and perpendicular acceleration (a,), using the measurements of
acceleration in the y- and z-axes and the angular rate in x-axis (see Fig. H)).

The specific algorithms used for gait parameters measurement are described
in detail in the paper [11]. We assume that at the beginning and the end of each
stride, the velocity and acceleration of foot-mounted IMU are both zero, which
we call zero points [12]. Each stride is detected by using a series of time-varying
thresholds and sliding windows based on characteristic points such as the toe-off
and heel-strike points (Fig. H).

The following gait parameters can be derived from this collected sensor data:

1. Cadence: The number of steps per minute. It is computed by recognizing
each stride in real-time.
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Walking direction

Fig. 3. Illustration of the IMU coordinate system XYZ and the walking direction

[\

. Velocity: The velocity is based on the integration of horizontal acceleration.

Stride Length: The integral of velocity over the period of the stride cycle.

4. Swing/Stance Ratio: The ratio of swing time (from toe-off to heel-strike)
to stance time (from heel-strike to toe-off).

5. Stride Regularity: The percentage of the standard deviation of stride

length in relation to the average stride length in a walking session.

w

Other useful data (e.g., averages, maximums) can be derived from the above five
parameters.

An important element of our system is that our algorithms compute the above
gait parameters, in real time, in the microprocessor. This is done by treating each
stride as a separate computation, so that the system only needs to keep a small
amount of historical data in the limited-memory microprocessor [11].

3 Power Saving Approaches

The prototype GMS is powered by a 110mAh 3.7v Lithium-ion battery. Our
main goal is to reduce the power consumption and thus prolong the battery life.
In this section we will describe and compare different power saving approaches
and the results.

3.1 Approaches Summary

We used three power saving approaches: (1) use low power consumption compo-
nents; (2) optimize the algorithm and reduce computational workload; and (3)
put the components into sleep mode as often as possible.

When initially selecting components to build up a GMS with the desired
functions, we considered the following features: size, accuracy, cost and power
consumption. We had several false starts to the GMS development. At first we
tried the combination of an accelerometer and magnetometer for stride length
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Fig.4. An example of gait data: acceleration in y- and z-axes and angular rate in
x-axis. Sampling rate is 100Hz. Zero points as well as toe-off and heel-strike points are
marked on the waveforms.

measurement, because the magnetometer was cheaper and more power efficient
than a gyroscope. However, the magnetometer alone was not enough to measure
the GMS’s exact orientation (and hence stride length). We finally chose an IMU
with an accelerometer and a gyroscope.

When we investigated in more detail the power consumption of the individual
components in the unit, we found that the current consumption of the regulator
on the Arduino board alone was about 80pA. Therefore, we replaced the original
regulator with a low-dropout (LDO) low-quiescent current regulator (MCP1703),
and managed to reduce the current consumption to 5pA.

In many off-line processing applications, sensor data is sent to a remote com-
puter through a wireless transmission. Usually data packet loss during transmis-
sion is inevitable. To reduce measurement error, packet loss must be properly
handled. Sending redundant packets may be able to recover the lost data, but it
also increases the transmission workload. Another common approach is using in-
terpolation to reconstruct the missing data points. A more elegant solution is to
implement on-chip computing, which can completely avoid the sensor data loss
problem and simultaneously reduce the power consumption caused by wireless
transmission.

Based on the the last two approaches mentioned above, we implemented three
versions of the GMS with different configurations. Depending on whether the
GMS is moving or not, we divide the GMS’s working modes into active mode
and standby mode. We measured the average current consumption of each mode,
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Table 2. Summary of three versions of GMS

version 1 version 2 version 3
Sleep Mode Off On On
On—chlp No No Yes
Computing
RF Usage High High Low
Active 11.7mA 10.3mA 2.1mA
Current
Standby
Cuurrent 11.7mA 20pA 20pA
Active g hours 107 hours 2.2 days
Battery Life ’ ’ ’ Y
Standby

Battery Life 9.4 hours 7.6 months 7.6 months

and then estimated the respective battery life of a 110mAh battery. Table
summarizes the main features of each version:

3.2 Naive Version (v1)

This is a naive version that only handles the sensor data collection, before trans-
mitting all the sensor data to a remote computer where the gait analysis is
conducted. The sampling rate is about 100Hz, so the period between two sam-
ples is close to 10 milliseconds. In each period, the GMS reads from the sensors,
packetizes the sensor readings together and sends this packet to the receiver via
the RF module. Then the GMS waits until new sensor data is available. The
receiver is connected to a computer through a USB port, and the sensor data
is processed by MATLAB in real-time. To improve measurement accuracy, data
loss during transmission is recovered by sending redundant packets. In this ver-
sion the GMS does not differentiate between active and standby modes, so the
current consumption is the same in each case.

To calculate the current consumption, we added a 22 resistor in series with
the power supply, and measured the voltage across the resistor. The power con-
sumption (waveform of the resistor voltage) is shown in Fig. Bl

In each period, the maximum voltage is 40mV, so the corresponding current
is 20mA. This high current consumption occurs during the RF transmission,
which has a duty cycle of about 0.45. During the waiting time between RF
transmissions the current drops to 5mA. The average current in one period is
about 11.7mA. Powered by the 110mAh battery, we estimate that the GMS
should work continuously for 9.4 hours. This estimate is consistent with earlier
measurements of 5 hours continuous use, when the RF was operated with a duty
cycle of 0.9.
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Fig. 5. Power consumption (v1). The green line is the voltage waveform, and the red
dashed line is the zero voltage reference.

3.3 Sleep Version (v2)

In this version, to reduce power consumption, we put the unused components
into sleep mode whenever possible.

Firstly, the microprocessor goes into sleep immediately after the corresponding
data processing. When new sensor data is available, the accelerometer will trigger
an interrupt to wake up the microprocessor. As such, the microprocessor is able
to sleep about 6 milliseconds during the 10-millisecond interval between two
sensor readings.

Secondly, since among the 3-axes gyroscope sensors, only the x-axis sensor is
used in the prototype, the other two axes sensors are put into standby mode,
reducing the gyroscope consumption from about 6.5mA to 2.2mA.

Thirdly, the RF module also goes to sleep after each data transmission.

Finally, the GMS can detect whether it is moving or stationary, and has
different strategies for active mode and standby mode. In active mode, if there is
no movement detected for a sufficient period of time (e.g., 30 seconds), the GMS
will switch to standby mode. In standby mode, all components (microprocessor,
accelerometer, gyroscope and RF module) are in sleep. A watchdog timer wakes
up the microprocessor and accelerometer every 0.5 seconds, to check if the GMS
is moving.

Table [3] gives a comparison of the components’ typical current consumption
in normal operating mode and sleep mode.

The GMS’s power consumption for version 2 in active mode is shown in
Fig. Bl

In version 2, the current during RF transmission and sensor reading stays the
same with version 1 (20mA and 5mA respectively), but when the microproces-
sor goes into sleep, the current is only 2mA. In active mode, the average current is
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Table 3. Typical current comparison

Operating Mode Sleep Mode

Microprocessor 5.2mA 4.2uA

Accelerometer 140pA 0.1pA
Gyroscope 6.5mA 5uA
RF module 16mA 0.3uA

AUTO £ 10mV-Div  Ims-Div  97.4H=z

i
r'r-.F.b.l-.—-.-;,\.-.n.,.,-.,.-,_

Tr 28.0mUsU67.6mU AT 6.64ms S 0B4.BMP

Fig. 6. Power consumption in Active mode (v2)

about 10.3mA, which means the battery can last 10.7 hours, slightly longer than
that of version 1.

In standby mode, the GMS’s current consumption drops to 12uA for most
of the time, as shown in Fig. [l Every 0.5 second, the microprocessor and ac-
celerometer are awoken by the watchdog timer. Because of the accelerometer’s
wake-up delay, the GMS waits (in sleep) for another 13 milliseconds before read-
ing the accelerometer to determine if it is moving again (thus there are two
positive impulses in the waveform).

The average current consumption in standby mode is about 20pA, and the
battery life can be as long as 7.6 months. When not using the GMS, we can
simply put it away without unplugging the battery. This makes it possible to
encapsulate the whole GMS (battery included) into a small box for easy and
convenient deployment, and reduces the need to charge the battery between
visits to the clinic.

3.4 On-Chip Version (v3)

We observed the highest current consumption during RF transmission. In order
to reduce the RF usage and save more power, we developed a new version based
on version 2, which implemented on-chip data processing. All the desired gait
parameters are computed by the microprocessor and then sent directly to the
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Fig. 7. Power consumption in Standby mode

receiver. In this way, we only need to transmit data for once during each stride
(which usually takes longer than one second). By avoiding sending raw sensor
data, the total RF transmission time is reduced to one 4.5mS transmission per
stride, a duty cycle of less than 0.005.

The biggest difficulty in implementing the on-chip algorithm was the limited
RAM (2kB) and computing capability of the ATmega328 microcontroller. The
limits meant it was impossible to store large amounts of sensor data in buffers
for later analysis, as MATLAB did. In addition, the least possible floating-point
numbers and operations should be used while maintaining computing accuracy,
due to the microprocessor’s low speed with floating-point computation.

Thus in this version we re-designed the data structure and algorithm to strike
an appropriate balance between accuracy and simplicity. In the real-time algo-
rithm, each time after reading from the IMU sensors, these readings are pro-
cessed immediately to recognize the stride cycle and compute gait parameters
simultaneously. Thus there is no computation latency because once a stride is
completed, it is recognized and all relevant parameters are computed. This turns
out to be useful for quick responses to changes in a person’s walking patterns.
Our current program uses only 1kB of RAM for the computation.

The power consumption in active mode for version 3 is shown in Fig. 8

As we can see from the waveform, the main current consumption is during
sensor reading and data processing (approximately 5mA). Since there is no need
for data transmission in every 10mS period, the microprocessor can sleep for a
longer time. Even with data transmission in every stride, the average current
consumption in active mode is 2.1mA, with a corresponding battery life of 2.2
days. In standby mode, the GMS’s behavior is the same with that of version 2
(Fig. [), and we again estimate the battery would last 7.6 months.

Version 3 is the final version of our GMS prototype. By using these power
saving approaches, we decreased the average GMS power consumption to a



Reducing Power Consumption of a Gait Measurement System 115

AUTO £ 10mU-Div  1ms-Div 97 .3H=z o]

Tr 5.20mUAU61.6mU AT 6.64ms S 0@7.BMP

Fig. 8. Power consumption in Active mode (v3)

manageable level. With days of active battery life and months of standby bat-
tery life, our GMS can be conveniently operated and widely applied in various
situations.

4 Conclusion and Future Work

We have presented a low power gait measurement system, including the proto-
type architecture and a range of power-saving approaches. The GMS can per-
form on-chip gait parameters calculation in real-time, and is expected to last for
months of normal usage without recharging when powered by a 110mAh battery.
Through the experiment results of our GMS prototype, this paper is intended
to shed some light on the power saving problem of IMU-based systems, which is
an important topic in healthcare. Since our GMS can measure various gait pa-
rameters and has a wireless communication interface, it can be easily integrated
into other applications.

In our future work, we will design our own printed circuit board (PCB) instead
of using the Arduino board. More efforts will be made towards reducing the
size of the GMS to encapsulate it into a convenient wearable device. We are
cooperating with a local hospital and will use this GMS with patients.
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