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Abstract—In implementation of walking assistive devices, one
major challenge is to detect gait cycle exactly, and then provide
assistive force at proper timing in the gait cycle. This paper
presents an IMU-based gait detecting algorithm for a wearable
walking assistive device. The presented algorithm detects gait
cycle by using measured hip velocity and hip angle signals. In
addition, it is computationally inexpensive, and thus suitable for
real-time applications. Experimental results on two subjects
validated the effectiveness of the presented algorithm.

Index Terms—IMU, gait detection, real time, wearable
assistive device

I. INTRODUCTION

It is reported that the quality of elderly life is positively
linked to physical activities [1], [2]. However, due to the
age-related muscle decline, many elderly persons have fewer
and shorter physical activities compared to young ones [3].
On the other hand, decrease of physical activities, in turn,
induces further muscle degeneration.

Recently, in order to prevent abovementioned vicious
cycle, numerous exoskeletons for elderly persons have been
developed. For example, a walking rehabilitation device for
lower limbs presented by Cyberdyne Inc. [4]-[6]. As another
example, a walking assistive device for improving walking
function presented by Honda Motor Co., Ltd. [7]-[9]. The
major advantage of the exoskeletons is that it can support the
entire or a portion of body weight through rigid frames. In
addition, they can generate a sufficiently large assistive force
for the lower limb joints. However, in the case of
exoskeletons, misalignment of axial joints between
exoskeleton and wearer may produce an uncomfortable force
[10]. In addition, the movement range of lower limbs is
constrained by rigid frames.

To avoid drawbacks of exoskeletons, the author’s group is
engaged in developing a soft wearable walking assistive
device for elderly persons [15]-[17]. The device provides
small but effective assistance force for hip flexion. In
addition, it is lightweight, and it does not constrain the
movement range of lower limbs.

For implementing walking assistive device including ours,
one major challenge is to detect gait cycle exactly, and then
provide assistive force at proper timing in the gait cycle. A
various of gait cycle detection methods have been utilized.
For example, the author’s group [11] have adopted bending
sensors to measure hip angle for detecting gait cycle.
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However, the reliability of the measured hip angle depends
on attaching position of the bending sensor. Moreover, the
cost of a bending sensor is high, and the accuracy reduces
with aging. As an alternative way, some researchers [12]-[14]
have used foot switches. However, a foot switch requires
long cabling between the attached position of shoes and the
controller. Furthermore, the accuracy of a foot switch also
degrades with aging.

Waist bracc\ DC motor

Elastic belt

Assisive force F'

"<Knee brace

Stand leg Swing leg

Fig. 1. Overall structure of a soft wearable walking assistive device.

Control Hip vgclocity

Assistive
sginal

force

hip angle
Controller | DC motor P Wearer »

Error

ol
.

+

Desired force |, Finax, T, T2 & T3
generator

Fig. 2. Block diagram of the force control scheme.

Average gait
cycle detector

[

Hip angle

Hip angle

Percent gait cycle

4 Fmax & Tl

<4— Desired assistive force

Assistive force

& assistive force

Desired assistive force

0% 100%
Percent gait cycle
Fig. 3. Hllustration of hip movement, desired assistive force and assistive
force. Here, F,, ., T,, T, and T, represent maximum assistive force, start

max !

point, maximum assistive force point and end point, respectively.



International Journal of Modeling and Optimization, Vol. 6, No. 5, October 2016

This paper presents an IMU-based gait detecting algorithm
for the walking assistive device [15]-[17]. The presented
algorithm detects gait cycle effectively by using measured
hip velocity and hip angle signals. In addition, it is
computationally inexpensive, and thus suitable for real-time
applications.

The rest of this paper is organized as follows. Section 11
describes a soft wearable walking assistive device. Section
Il presents an IMU-based gait detecting algorithm, and
Section IV shows experimental results for validating the
effectiveness of the presented algorithm. Finally, Section V
concludes the paper.

In Refs. [15]-[17], the author’s group presented a
wearable walking assistive device for elderly persons. Fig 1
shows the overall structure of the assistive device. For each
leg, the device consists of one DC motor and one control unit
that attached to a waist brace, one knee brace, one elastic
winding belt and one IMU sensor. In swing phase, the motor
winds up the belt, and the resultant force generated on the
belt is transmitted to the wearer for assisting the hip flexion.
The major advantage of the device is that, excluding the DC
motor and the control unit, it is composed of soft material,
and thus safe and compatible interaction can be realized with
the wearer. In addition, the elastic winding belt can absorb
undesirable reaction forces in cases of large control errors or
disturbances.

Fig. 2 shows control scheme of the device. Hip motion
information and generated assistive force are measured and
transmitted to the control unit. In the controller, gait cycle is
calculated according to the hip motion information. Average
gait cycle is obtained by using the last three cycles, and it is
converted to a percentage scale of 0% to 100%. Four
parameters F__, T,, T, and T,, which represent maximum

assistive force, start point, maximum assistive force point and
end point, respectively, are used in generating desired
assistive force trajectory, as shown in Fig. 3. A force
feedback control scheme is employed for tracking the desired
assistive force.

SOFT WEARABLE WALKING ASSISTIVE DEVICE

This section presents an IMU-based gait detecting
algorithm for the walking assistive device [15]-[17].

GAIT DETECTING ALGORITHM
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Fig. 4. Typical hip velocity and hip angle data.
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Fig. 4 shows typical hip velocity and hip angle data. It is
shown that both velocity and angle produce periodic
movement. Thus, it is possible to obtain gait cycle from hip
motion information.

Now, the task is to choose an appropriate point, which is
easy to be detected, as the start point of gait cycle. It is known
that, for a periodic signal, two extreme points of each period
are always the first choice because of their simplicity to be
detected. Thus, for a gait detecting algorithm, the events of
maximum hip angle and minimum hip angle are the best two
candidates for the start point of gait cycle. However, in the
case of using maximum hip angle, due to the valley and hill
shapes just after the maximum hip angle caused by heel
contact, it is not easy to distinguish the two successive peaks.
Moreover, because of the fact that the device provides
assistive force for the hip flexion, it is desirable to set the start
point as the start timing of swing leg, i.e., the event of
minimum hip angle. Based on this rationale, the event of
minimum hip angle is selected for segmenting hip cycle.

Now, the task becomes how to search the minimum hip
angle. By careful observation on hip angle, one can see that,
before the event of minimum hip angle, the values of hip
velocity and hip angle are both negative. In addition, the
value of hip angle decreases monotonously. Thus, it is
preferable to implement the process of searching minimum
hip angle just after the simultaneous detections of negative
hip velocity and monotonic decrease of hip angle in negative
value. Then, the event of minimum hip angle is found by
searching valley point in hip angle, and the gait cycle
between two consecutive events of minimum hip angle is
recorded by the controller. Estimated gait cycle is obtained
by averaging the last three recorded cycles. After that,
estimated gait cycle is converted to a percentage scale of 0%
to 100%.

As a whole, the complete algorithm of gait detecting is
given as follows:

Algorithm IMU - based gait detection

if o(k)<0and 8(k) <0and M, >N, then

if M_ ==0and (o(k—N,) <o(k)) then
Mmin =1
end if
end if
if M;, =1and 6(k—2N,) >80k - N,)and
6(k - N,) < (k)
c(i) =M — N,
2 . .
ave :ijoc(l - J) /3
c

__ Jave

Cost =

100

M, =0,M_ =0
end if

Coer (K) =M, /C

My = Mgy

returnc,,, (k)

C

coef

+1

where k and i denote discrete time index and gait cycle
index, respectively. In addition, @(k) is the hip angle, (k)

the hip angular velocity, ¢, (k) is the current gait cycle
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expressed in percentage scale, N,, N, and N, are threshold
values,and M_,, M, ,c(i),c,, and c
variables.

. are intermediate
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Fig. 5. IMU sensor: MPU-1950 (InvenSense). It consists of a 3-axis
accelerometer, a 3-axis gyroscope and a 3-axis magnetometer.
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Fig. 6. Results of subject 1. (a): hip velocity and hip angle; (b) and (c): saw
waveform desired assistive forces; (d) and (e): triangle waveform desired
assistive forces.

IV. EXPERIMENT

This section experimentally validates the effectiveness of
the presented algorithm. An IMU sensor (MPU-9150,
InvenSense), as shown in Fig. 5, was used in the experiments.
The sensor was equipped at the posterior of the thigh. Hip
velocity in sagittal plane was measured by the sensor at
sampling interval T =0.001 s was in discrete time, and it
was transmitted to a 16-bit microcontroller (dsPIC33F,
Microchip Technology Inc.). Hip angle was calculated by
integrating the measured velocity signal. The presented gait
detecting algorithm was implemented by using the obtained

hip velocity and hip angle signals.

Two healthy subjects participated in the experiments. For
each subject, four desired assistive force trajectories, of
which parameters were described in F_, -T,-T,-T,, form,

were generated by using the presented algorithm. Among
them, two of them were saw waveforms with parameters
3kfg—0%-30%-30% and 3kfg—90%-10%-20%. The other
two were triangle waveforms with parameters 3kfg—0%-—
30%-30% and 3kfg—90%-10%-20%. In addition, the three
thresholds were set as N, =10, N,=2 and N,=3,

respectively.

Fig. 6 and Fig. 7 show experiment results. One can observe
that the presented algorithm reliably detected minimum hip
angle and estimated average gait cycle in percentage scale. It
should be noticed that, the algorithm is sufficiently robust for
different gait pattern, i.e., subject 1 and subject 2. The figures
also show that, based on the results of the algorithm, four
different desired assistive force trajectories were successfully
generated for each subject. This can be attributed to the
effectiveness of the presented algorithm.
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(e) Desired assistive force: triangle waveform with 3kgf - 90% - 10% - 20%
Fig. 7. Results of subject 2. (a): hip velocity and hip angle; (b) and (c): saw
waveform desired assistive forces; (d) and (e): triangle waveform desired
assistive forces.

V. CONCLUSIONS

This paper has presented an IMU-based gait detecting
algorithm for a walking assistive device. The presented
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algorithm detects gait cycle by using measured hip velocity
and hip angle signals. In addition, it is computationally
inexpensive, and thus suitable for real-time applications.

Experimental

results on two subjects validated the

effectiveness of the presented algorithm. As a future work, it
is expected that the presented algorithm can be further
extended for detecting gait pattern in real time.

[

[2]

(3]

[4]

[5]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

W.J. Rejeski and S. L. Mihalko, “Physical activity and quality of life in
older adults,” The Journals of Gerontology Series A: Biological
Sciences and Medical Sciences, vol. 56A, no. Special Issue Il, pp.
23-35, 2001.

J. S. Brach et al., “The association between physical function and
lifestyle activity and exercise in the health, aging and body composition
study,” Journal of the American Geriatrics Society, vol. 52, no. 4, pp.
502-509, 2004.

Transportation Research Board, National Research Council (U.S.),
Transportation in an aging society: Improving mobility and safety for
older persons, Transportation Research Board, National Research
Council, 1988.

H. Kawamoto et al., “Development of single leg version of HAL for
hemiplegia,” in Proc. the 31st Annual International Conference of the
IEEE Engineering in Medicine and and Biology Society, pp.
5038-5043, Minneapolis, Minn, USA, 2009.

T. Hayashi et al., “Control method of robot suit HAL working as
operator’s muscle using biological and dynamical information,” in
Proc. the 2005 IEEE/RSJ International Conference on Intelligent
Robots and Systems, pp. 3063-3068, Edmonton, Alberta, Canada,
2005.

A. Tsukahara et al., “Gait support for complete spinal cord injury
patient by synchronized leg-swing with HAL,” in Proc. 2011
IEEE/RSJ International Conference on Intelligent Robots and Systems,
pp. 1737-1742, San Francisco, CA, USA, 2011.

K. Yasuhara et al., “Walking assist device with stride management
assist,” Honda R&D Technical Review, vol. 21, no. 2, pp. 54-62, 2009.
H. Shimada et al., “Effects of a robotic walking exercise on walking
performance in community-dwelling elderly adults,” Geriatrics and
Gerontology International, vol. 9, no. 4, pp. 372-381, 2009.

H. Shimada et al., “Effects of an automated stride assistance system on
walking parameters and muscular glucose metabolism in elderly
adults,” British Journal of Sports Medicine, vol. 42, no. 11, pp.
622-629, 2008.

A. Schiele, “Ergonomics of exoskeletons: Subjective performance
metrics,” in Proc. the 2009 IEEE/RSJ International Conference on
Intelligent Robots and Systems, pp. 480-485, St. Louis, MO, USA,
2009.

M. Sato et al., “Evaluation of wearable walking assistance device by
energy consumption,” in Proc. the 13th SICE System Integration
Division Annual Conference, pp. 1263-1266, 2012.

C. L. Lewis and D. P. Ferris, “Invariant hip moment pattern while
walking with a robotic hip exoskeleton,” Journal of biomechanics, vol.
44, no. 5, pp. 789-793, 2011.

A. T. Asbeck et al., “Biologically-inspired soft exosuit,” in Proc. the
2013 IEEE International Conference on Rehabilitation Robotics, pp.
1-8, 2013.

T. Lenzi et al., “Powered hip exoskeletons can reduce the user's hip and
ankle muscle activations during walking,” IEEE Transactions on
Neural Systems and Rehabilitation Engineering, vol. 21, no. 6, pp.
938-948, 2013.

271

[15] S.Jin etal., “An evaluation of the effect of maximum assistive force of

a flexible-structured wearable walking assistive device on energy
expenditure,” in Proc. the 32th Annual Conference of the Robotics
Society of Japan, pp. 1H1-02, 2014.

[16] S.Jin etal., “Quantitative evaluations of a flexible structured wearable

walking-assistive device on energy expenditure and gait kinematics,”
in Proc. the 33th Annual Conference of the Robotics Society of Japan,
pp. 111-03, 2015.

[17] S.Jinetal., “’Energy efficiency evaluation for a soft wearable robotic

suit,” in Proc. the 16th SICE System Integration Division Annual
Conference, pp. 1204-1207, 2015.

Shanhai Jin was born in Jilin Province of China. He
currently is a lecturer at the School of Engineering,
Yanbian University, China.

He received the Ph.D. degree from Kyushu
University, Japan, in 2013.

His research interests include welfare assistive
robot, nonlinear filtering and sliding mode control.

Changfu Jin was born in Jilin Province of China. He
currently is an associate professor at the School of
Engineering, Yanbian University, China.

He received the Ph.D. degree from Korea Maritime
and Ocean University, South Korea, in 2007.

His research interests include heat conduction,
mechanical design and welfare assistive robot.

Yonggao Jin was born in Jilin Province of China. He
currently is a professor at the School of Engineering,
Yanbian University, China.

He received the Ph.D. degree from Chungnam
National University, South Korea, in 1999.

His research interests include power converter,
nonlinear control and welfare assistive robot.

Xiaodan Wang was born in Jilin Province of China.
She currently is a lecturer at the School of Engineering,
Yanbian University, China.

She received the M.E. degree from Yanbian
University, China, in 2008.

Her research interests include nonlinear filtering,
nonlinear control and welfare assistive robot.





