UNIVERSITY OF LEEDS

This is a repository copy of Heuristic Based Gait Event Detection for Human Lower Limb
Movement.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/115148/

Version: Accepted Version

Proceedings Paper:

Zakria, M, Magbool, H orcid.org/0000-0003-3193-4984, Hussain, T et al. (4 more authors)
(2017) Heuristic Based Gait Event Detection for Human Lower Limb Movement. In: IEEE
EMBS International Conference on Biomedical & Health Informatics (BHI 2017). BHI 2017,
16-19 Feb 2017, Orlando, Florida, USA. IEEE , pp. 337-340. ISBN 978-1-5090-4179-4

https://doi.org/10.1109/BHI.2017.7897274

(c) 2017, IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this
work in other works.

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Heuristic Based Gait Event Detection for Human Lower Limb
Movement

M. Zakria, H.F. Magbool, Member, IEEE, T. Hussain, M.l. Awad, Member, IEEEehryar,
N. Igbal, Member, IEEE and A.A.Dehghani-Sanij

Abstract— Gait event detection is important for intent
predication in lower limb prostheses and exoskeletons during
different activities. Human gait cycle is divided into two main
phases i.e. swing phase and stance phase. Initial contact (IC)
with the ground indicate the start of stance phase while Toe
Off (TO) is the start of swing phase. This article presents
algorithm based on set of heuristic rules for gait event
detection using a single gyroscope attached on shank of
subjects performing activities of daily living such as normal
walking, fast walking, ramp ascending and ramp descending.
The algorithm sequentially detected gait events like IC, TO,
Midswing (MSw) and Midstance (MSt). Results were
compared with the reference pressure measurement system
using Flexiforce footswitches (FSW). The mean difference
error between the reference and proposed system was for IC
is about +4ms and for TO is about -6.5ms. The results showed
that proposed algorithm achieved high detection performance
compared to the existing algorithms and will lead to powerful
tool to develop an intent recognition system for lower limb
amputees.

. INTRODUCTION

Locomotion is crucial for human during activities of daily
living (ADLS) as it plays an important role in gait efficiency
and task progression. Patients with pathologic gait suffer
from higher energy consumption and risk of falls. Gait
analysis and event detection has been used in different
applications using ambulatory gait systems to evaluate and
improve patients’ motilities and to control the functional
electrical stimulation (FES) [1}3

Gait events can be detected using either force based

measurement systems by means of footswitches such as

force sensitive resistors (FSR) [4] wearable sensor such
as Inertia Measurement Unit (IMU) [5]. To perform outdoor
activities for longer period of time, it is crucial to use the
systems which are reliable, portable, small, inexpensive
and with low power consumptidf-8].

Many researchers have used wearable sensors
(accelerometers and gyroscopdsr analysis of spatio-
temporal gait parameters during ADLE, 20-21].
Gyroscopes have been applied for detgpthe gait events
for triggering [10] and feedback of FES systems [11].
Gyroscope can be mounted on different body locations. The
information from the gyroscope placed on shank can be
useful to develop a signal of an intent of gait in lower limb
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amputees [20]. Locating the gyroscope on shank has many
advantages as opposed to other parts of the human body
[12], such as less soft tissue muscles at shank compared to
thigh. In addition, gyroscope placed at shacceptable
accurately in healthy and pathological subjects 148,

Sabatini et al. [15leveloped a gait event detection
system for analysis of incline walking based on a single
gyroscope attached on the foot of healthy suhjects
However, placing gyroscope on shank provides ease of use
as compared to its placement on foot as it provides les
signal variability between the subjecis Catalfamo et al.
[16] used a single gyroscope placed on the shank for
detectiorof initial contact (IC) and foot off (FO) in subjects
walking up and down on inclined surface and level ground.
The results were compared with a reference system of foot
switches However, the mean time difference error of the
two systems was -25ms for IC arfims for foot off (FO)
for all the three terrains. J.K. Lee et al.][i&ported a quasi-
real time method for automatic gait event detection using a
uniaxial gyroscope. However, their algorithm detects TO
and IC only for level ground walk (LGW). The work in [16
developed a gait event detection algorithm based onla sing
tri axial accelerometer placed on waist foot and shank. The
system detected IC and TO during gait on tactile paving,
smooth, flat and inclined, terrains. However, the system is
based on accelerometer which may be affected by gravity
thereby contain high frequency components [19]. The
electrodes used in this experiment were non-contact with
the skin and were fixed on specially designed cuffs.
However, the experiments were conducted for level ground
walking only and detected only two gait events. To the best
of our knowledge, no study has been carried out to evaluate
event detection within the range of time difference of
+7ms.This work aims to extend the existing research as
follows:

e The proposed algorithm does not require any
threshold value if compared with rule based
algorithms.

e Time difference error for the detection of gait
events is minimized.

e MSw and MSt events are detected prior to IC and
TO, respectively.
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The remaining paper is organized as follows, section Il is
about the experimental setigectionlll describes heuristic
based algorithm and its implementatisectionlV presents
results and discussion and last section is about conclusion.

Il. EXPERIMENTAL SETUP

A. Control Subjects

In this study, 8 healthy male subjects (weight: 76.0+6.9
kg; height: 170.3+4.2 cm; age: 28.9+4years) voluntarily
participated. The experimental procedure was performed
according to the guidelines of both universities ethical
boards. All subjects were required to perform different
activities such as normal walking (NW), fast walking (FW),
ramp ascending (RA) and ramp descending (RD).

B. Experimental Procedure

The data was collected using a 6-DOF inertial
measurement unit (IMU) consisting of a gyroscope and
accelerometer (MPU,6050. InveneSense). The IMU has a
24MHz Central Processing Unit (CPU), battery and other
circuitry placed on the shank of each subject. Four
piezoresistive FlexiForce sensors (Tekscan Inc., Boston,
MA, US) were used as reference system. As shown in Fig.1.
these sensors were fixed underneath the foot on four
different locations.

All the subjects were requested to walk along an 8m
pathway at different speeds (normal and fast). For ramp
ascending and descending activities the subjects were
required to walk up/ dowon a 6m long inclined surface
with inclination of 5.

i S )

Figure 1. Experiment Setup With IMU and Insole witotswitches;
1: Heel; 2 & 3: 1 & 5" Metatarsal; 4: Toe

I1l. PROPOSEDALGORITHM

The heuristic based algorithm was written in Matlab
2015(Mathworks, Inc, Natick, MA) The flowchart of the
proposed algorithm and gyroscope signal of one subject
are shown in the Fig.2.

A. Preprocessing

During preprocessing, the'®order Butterworth low
pass digital filter was used and cutoff frequency (fc) of 10
Hz was applied offline to the gyroscope signal. The filtered
signal has reduced the oscillations that will avoid false
event detection. The selection of cutoff frequency is based
on empirical results [5]. The resultant gyro signal was
segmented with a window size of 110ms.

B. Gait Events Detection

Fig. 2 provides complete description of the proposed
rule based algorithm and its implementation. The
algorithm detect the negative peaks for IC (Initial Contact)
and TO (Toe off), maxima peak in below zero for
MidStance (MSt) and maxima peak above zero for (MSw)
Mid Swing as shown in Fig.3]b

After the preprocessing, if the current time (T) is less than
the given time () the algorithm searches sequentially for
MSw in positive slope direction having current sampje (g
is less than previous samplei{gwhich means change in
slope take place and maxima is detected and marked as
MSw. Once MSw is identified, it searches in negative
slope direction to detect IC when slope changes from
negative to positive slope then minima is detected and
named as IC. Having IC marked, the algorithm calculates
sum of the total samples of the current window) @nd
previous window (w). If sum of wis less than sum ofiw
1 the algorithm marked the peak as MSt. Once the Mst is
marked, the algorithm again searches for minima peak with
condition that slope of the signal changes from negative to
positive, minima is detected and marked as TO.

Gyroscope Signal
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Figure 2. Flow Diagram of Heuristic Based Method

IV. RESULTS AND DISCUSSION

A Reference System

Validation of the experiment was performed by using
aninstrumented insole having four foot switches. The
insole was placed inside the shoes of each subject during
experiment.

TABLE I. COMPARISON AMONG EXISTING AND PROPOSED OFFLINE SYSTEM



Ref. IC TO Sensor Position Activities CS

(Mean * Std) (Mean * Std)

[15] -16.6 +11.9 3.7+265 Gyroscope on shank LGW 9
-8.00+9 50 + 14 LGW

[14] -21+15 43 +10 Gyroscope on shank RA 7
-9+20 73+12 RD

[19] 19+ NA -8+ NA Gyroscope on Shank LGW(different 5

speeds)

Proposed 3.92+1.56 -1.81+4.03 FwW
3.50+1.96 -0.61 + 3.56 Gyroscope on shank NwW 8
3.19+244 -6.27 £6.50 RA
3.63+1.43 -5.94 £6.30 RD

indicates the post-detection and negative time difference

B. Data Analysis Methods indicate pre-detection.

Once the gait events were detected using proposed
algorithm then, the time difference ) between the event C. Discussion
detection of gyroscope and footswitches was computed using The results were expressed in millisecond (ms) for all the
(1), where & and Tes indicate the timing of gyroscope and activities. The rule based algorithm is applied offline and
footswitches for MSwIC, MSt and TO event detection each window sample evaluated sequentially. The rule based
respectively. The mean difference (MD) for all thealgorithms are faster as compare to the machine learning
participants during NW, FW, RA arRD was then computed based gait event detection. The machine learning algorithms

by averaging their di. are based on learning of gait event pattern and then detect the
T iR - = ToFm — events accordingly.
25 ! F iy During experiment, eight contrslbjects participated and

five trials were carried out for each activity. The average time
difference for IC was 3.92+1.56 ms, 3.50+1.96 ms, 3.14%42
ms 3.63t1.43msand for TO -1.814.0 ms, -0.61+3.56

ms, -6.27+6.50 ms, -0.94+6.3@sduring FW, NW, RA and
RD respectively. The experimental results showed post-
S Bl il e ““..  detection for IC and pre-detection for TO. The pre-detection

Time ) will be useful for early triggering the system to perform the
task/activity.
l [—Cyrostgml $To F1c — SMsw  CImsT | The results of proposed study were compareldexisting

work which successfully validated results by FSR and
200 implemented offline. Catalafamo et al. [16] detected the gait
/\ﬁ events and found a mean difference error and standard
S deviation for IC -8.0% 9.fns -21+15ms, -9+20 ms for LGW,

o0 RA and RD respectively. Lee et al. [17] showed mean
o so 100 1% 200 2m0  so0 s a0 aso s difference error of -16.6+11M8sfor IC and 3.7+26.5nsfor
Hineigme) TO during LGW activity.

(b)
NORMAL WALKING

Figure 3. Gait event detection: (a) IC and TO FSR&foscope signal ~ Table | shows a comparative analysis of the proposed

algorithm with exiting algorithms. The proposed system
In order to compare the results of the proposed method wighows significant improvement in results for IC and TO.
existing algorithms, the mean difference, standard deviatiofhich implies best results for the detection of MSw and MSt
(std) and 95% confidence interval (CI) were calculated foss it early detected before IC and TO for all four activities.
each activity using (2)
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A limitation of this algorithm is the implementation in offline
Tait = Te-Tes (1)  environment and start gait event detection from MSw.
Cl=Yt102 SWn (2) However, the algorithm has the ability to modify in online
mode and will include amputee with different prosthesis
Where Y is the mean, n is the number of samples to calculatering all the activities.
the mean, s is the standard deviation apelis corresponding

value of t-test. Furthermore, the positive time differencd able Il provides confidence interval (CI) for event of IC
and TO for four activities i.e. FW, NW, RA and RD. For IC



the Cl is positive which means that IC will be detected laterf9] A. Findlow, J.Y. Goulermas, C. Nester, D. Howard, L.P.J.
while for TO Cl is mostly negative which means that TO is Kenney, “Predicting Lower Limb Joint Kinematics Using

Wearable Motion Sensors,” Gait Posture 2008, 28, pp. 120—
detected early. 198 PP

[10] S.N Ghoussayni, “Application of Angular Rate Gyroscopes as

B Fast Normal | Ramp Ramp Sensors in Electrical Orthoses for Foot Drop Correction,” PhD
Activity | walking | Walking | Ascending | Descending Thesis, University of Surrey, Guildford, UK, 2004; Available
Event online: https://ethos.bl.uk (accessed on 14 March 2010).

[11] A .Salrian, H. Russmann, F.J Vingerhoets, C.Deholiaiih. “Gait
assessment in Parkinson’s disease: Towards an ambulatory system for
long term monitoring, IEEE Trans. On Biomedical Engineering,
2004, vol. 51, pp. 1434-1443.

[12] B.T Smith, D.J Coiro, R. Finson, R.R Betz,J. McCarthy, “
Evaluation of Force-Sensing Resistors for Gait Event Detection
to Trigger Electrical Stimulation to Improve Walking in the Child
with Cerebral Palsy,” IEEE Trans. Neural Syst. Reh. Eng. 2002,
10, pp. 22-29.

The accurate and reliable gait event based systems ~ [13] S:N Ghoussayni, C.H.H. Stevens, S. Durham, D.J. Ewins , *
g Y Assessment and Validation of a Simple Automated Method for

would be useful in many ambulatory applications. ThIS . the Detection of Gait Events and Intervals,” Gait Posture 2003,
study presents a rule based method for the detection of gait 20, pp. 266-272.

events, based on the use of a single gyroscope attached ontA&M. Roerdink, B. Coolen, B.E Clairbois, C.J.C Lamoth, B.P Beek,
shank. The proposed system is fast, reliable and does not *Online Gait Event Detection Using a Large Force Platform
require any threshold value for the detection of gait events. Eg;gedded in a Treadmill,” J. Biomech. 2008, 41, pp. 2628—
The mean difference error between the reference and &) A m sabatini, C. Martelloni, S.Scapeliato, F. Cavallo, *
gyroscope based system was foundeéanbrange of +7ms. Assessment of Walking Features from Foot Inertial Sensing,”
Future research work will focus on the evaluation of the IEEE Trans. Biomed. Eng. 2005, 52, pp. 486-494.

proposed system with lower limb amputees and on differef6] P- Catalfamo, S. Ghoussayni, and D. Ewi@it event detection on
terrains level ground and incline walking using a rate gyrg&gdSensors
) 2010, vol. 10, pp. 5683-5702.
[17] 3. K. Lee and E. J. ParlQuasi real-time gait event detection using
shank-attached gyroscopeMedical & Biological Engineering &
VI. ACKNOWLEDGMENT Computing, 2011, vol. 49, pp. 707-712.
. L [18] B. Sibylle, Thies, P. J. Laurence Kenney, David Hovedral.“

The author would like to thanks all the participants Who ~ automated Detection of Instantaneous Gait Events using Time

participated in the collection of experimental data. Frequency Analysis and Manifold embeddinEEE Transactions
on Neural Systems and Rehabilitation Engineering eNtber 2013,
vol. 21, issue No 6.

[19] H.F. Magbool, M.A.B. Usman, M.I. Awad, A.A. Dehghani-Sanig
“Real time gait event detection for transfemoral amputees
during ramp ascending and descending ,” IEEE, EMBC-2015.

[20] C.C Monaghan, P.H Veltink, G. Bultstra,E Droog, Katiadis, “

IC 2.7 51]
TO 4.7 12]

21 6.0]|[14 5.0]
[-3.3 20] [[11.0 -1.45]

26 47]
[-10.6 -13]

TABLE Il. CONFIDENCE INTERVAL FOR DIFFERENT ACTIVITIES
V. CONCLUSION
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