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A Real-Time Gait Event Detection for Lower Limb Prosthesis
Control and Evaluation

H. F. Magbool, Member, IEEE, M. A. B. Husman, Member, IEEE, M. |. Awad, Member, IEEE,
Abouhossein, Member, IEEE, Nadeem Igbal, Member, IEEE, and A. A. Dehghani-Sanij

impact on individual’s physical, mental and vocational
Abstract— Lower extremity amputees suffer from mobility ~ abilities, generally resulting in the degradatighamputees’
limitations which will result in a degradation of their quality of ~ quality of life (QOL). Following an amputation, prosthetic
life. Wearable sensors are frequently used to assess spatio-devices can improve the ampes’ QOL. Rapid technological
temporal, kinematic and kinetic parameters providing the means advancement in the prosthetic field over the last few decades
to establish an interactive control of the amputee-prosthesis- have caused prosthetic devices to evolve from purely passive
environment system. Gait events and the gait phase detection of (mechanical) devices to more advanced devices incorporating
an amputee’s locomotion are vital for controlling lower limb  microprocessor controlled andpered components
prosthetic devices The paper presents an approach to real-time Human gait can be divided into a sequence of repeated
gait event detection for lower limb amputees usinga wireless phases and events associated with its cyclic nature with the
gyroscope attachedo the shank when performing level ground stance and swing phases being the two main phases of the gait
and ramp activites. The results were validated using both cycle. In terms of events, initial contact (IC) and toe off (TO)
healthy and amputee subjects and showed that the time mark the beginning of a stance and swing phase respectively
differences in identifying Initial Contact (IC) and Toe Off (TO) and provide information about stance time, swing time, cycle
events were larger in a transfemoral amputee when compared  duration and gait asymmetr[][3]. They are thus important
the control subjects anda transtibial amputee (TTA). Overall, assessment parameters and are frequently used in clinical
the time difference latency lies within a range of + 50 ms while studies as objective measures for evaluating the efficiency of
the detection rate was 100% for all activities. Based on the the rehabilitative processes. The timing of sthesvents
validated results, the IC and TO events can be accurately supports the analysis of temporal parameters such as stride
detected using the proposed system in both control subjects and time and periods of single and double sup. Accurate
amputees when performing activities of daily living and caralso  identification of the phases/events is thus an important feature
be utilized in the clinical setup for rehabilitation and assessing in the control of lower limb prostheses. For instance, the C-
the performance of lower limb prosthesis users. Leg® (OttoBock; Duderstadt, Germany) is equipped with a
range of sensors including strain gaugés measure the
Index Terms—Event detection, Gyroscope Lower limb  anterior/posterior bending moments and an angular position
prosthesis, Transfemoral amputee, Transtibial amputee sensor measuring the angular velocity of the knee joint. These
measurements are used to detect the gait phases and hence to
I. INTRODUCTION : . :
switch between controller states to provide necessary damping
Worldwide, numbers of individuals undergo theresistances required duringmputees’ walking [5]. Event
amputation of their lower limbs every year as a result @fetection information is then used as the reference datum for
vascular disease and complications associated with conditigfter measurements such as knee a@le [3].
such as diabetes, cancer and trauma have incre@ed Gait events can be determined using force based
average, approximately 185,000 persons undergo @feasurement systems, typically by means of footswitches
amputation every year in the U.S. and it is estimated that thj§ch as force sensitive resistors (FSR) locatedshoe insole.
number will double by 205 [iL]in the UK, around 34,109 Syuch footswitches are suitable for obtaining on/off
lower limb amputations were carried out in 151 hospitalgformation, though not appropriate for precise analog
during 2007-2010 period J2]Limb loss has a significant measurements [ [6] However, they are susceptible to
mechanical failure, have generally poor durability and low
This work is linked to a large project supported by EES COSMetic acceptance[ ][7] Among wearable  sensors,
(ElzKoF204'\(A3§/1t260| on study leave from University of Engisg & acceleromgters and gyroscopes are _being deployed at different
TecHnoIbgy Eahore, Pakistgn; e-mail: mnhfm@Ieeyds.ac.d!dlg?n,:’.g B. body locations for long-term monitoring of human
Husman (e-mail: mnmabh@leeds.ac.uk), M. I. Awad (on sabbdé&eak - Recent advancements allow these sensors to be
from Ain Shams University, Egypt; e-mail: m.i.awad@leeds.3c.uk  Mminiaturized with faster processing capability and hegh

Abouhossein (e-mail: a.abouhossein@leeds.ac.uk) and AelgHani-Sanij memory capacities to support outdoor applicati&ls -[g,b
(e-mail: a.a.dehghani-sanij@leeds.ac.uk) are with the &Jgity of Leeds,

Leeds. LS2 9JT. UK. gyroscopes, in particular, are used for ambulatory gait
N. Igbal is with the University of Leeds, Leeds, LS2 9UK and Abdul assessment, foot-drop correction, control of lower limb
Wali Khan University Mardan, Pakistan (e-mail: nikhaa@um.edu.pk prostheses and orthoses and other related clinical applications
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Detection algorithms based on machine learning and rule- TABLE |
based heuristics are used to identify gait events/pHal{@$ [6 DETAILS OF TRANSFEMORALAMPUTEE (TFA)
[15[17-20]. Catalfamo et al[ [p] evaluated the detection of IC —— —
and end of thg contact (fopt off ) u:_siagsingle gyroscope on | jpei Prgg&gﬁc Prgg&gtic Amputation  Year of
the shank which was validated with seven control subjects Knee Foot Reason  Amputation
walking on level ground and an inclined surface. The rule- Ottobock College park
based algorithm produced 0v@8% detection rate. However, gﬁggockc \(gftf(‘)ft;gik
a delgy of 'about 120 ms in foot off detection was reported for B Leg 1E56 Axtion Trauma
real-time implementation. Selles et 4] [3] develope c Endolite College park  (Chronic 2000
algorithm based on accelerometer sensor for estimating IC and Orion* Venture infection on
TO. The algorithm was validated with ten control subjects and p  Endolite Endolite the knee)
eight transtibial amputees (TTA) but was only tested offline Orion® Egﬂgg)e”;ark

for level ground walking activities at different speeds. E OssurRheo /e
Gouwanda etla[15] presented a robust real-time gait event ,
detection algorithm and compared the performance against
previous algorithms. The detection rate was found to be 100%; Experimental Protocol

however,a data latency of 100 ms was recorded as an averagerhe transfemoral amputee wore each prosthetic leg for a
for event detection. week to familiarize himself with the device before the
To the authors knowledge, no study has to date beemxperiments were carried out. The TTA has been wearing th
carried out to evaluate event detection algorithm witBrosthetic leg for the past thirteen years. The prostheses were
transfemoral amputees using a gyroscope. The aims of tfiised by the professional prosthetist. A six degree of freedom
study are therefore, inertial measurement unit (IMU) consisting afthree axis

e To develop a simple and reliable heuristic rule_base%ccelerometer and a three-axis gyroscope (MPL_J 6050,
real-time gait event detection (R-GED) algorithmInvenSense Inc) was mounted on an acrylic holder, fixed to a

using a single gyroscope attacheid the shankor flexible Velcro strap and placed on the lateral side of the
; shank. The gyroscope signal was used for the development of
prosthetic pylon o . event detection algorithm with the maximum range of the
¢ To evaluate the reliability of the event detectionyy oscope set to 500 degrees/sec. The x-axis of the gyroscope
system for lower limb amputees in both level groungas aligned with the long axis of the tibia to record the shank
and inclined surface ambulation. angular velocity in the sagittal plane. A base unit consisting of
e To evaluate the reliability of the event detectiorprinted circuit board (PCB) and a battery was attached to the
system for TFA when different types of prosthese®wer part of the shank and a foot pressure insole consisting of
are used. four piezoresistive based Tekscan FlexiForce sensors
The resulting system should be capable of providing accurdfieekscan Inc., Boston, MA, US) was placedoim shoe to
online event detection regardless of the prosthesis type uggdvide the event timing required to validate the proposed
by a particular TFA. algorithm. To adjust the insole for different shoe sizes, it was
cut into two pieces. The location of the IMU, the footswitches
Il. METHODOLOGY and full experimental setup is shown in Figure 1. Once the
. system was attached to the subjects, they were asked to walk
A Subjects for approximately 2-3 minutes to familiarize themselves with
Eight control (healthy) male subjects (CS) (mean age: 2%f{e system and the test terrain to make sure theyedika
+ 5 years old; mean height: 174.8 + 4.5 cm; mean weight: 7/@tural manner. The subjects were requested to walk along a
+ 7.5 kg) without any apparent gait abnormalities, one mai@® m pathwayat three different self-selected walking speeds
transfemoral amputee (age: 53 years old; height: 166.1 cfAormal, slow and faktFive trials were carried out for each
weight: 66.8 kg) and one male transtibial amputee weaingactivity. Details of the participaritsaverage walking speeds
College Park Soleus (age: 51 years old; height: 180.3 c@¥e shown in Table Il. For ramp activities, the subjects were
weight: 71 kg) participated in this study. The amputees had Bgked to walk up and dowa 5.8 m long pathway with an
other neurological or orthopedic disorder apart from thejnclination of % at their self-selected speed. Subjects were
amputation and performed all the activities without the use gfven a 10 minutes break between each activity.
an ambulation aid.

Blatchford Group (Chas. A. Blatchford & Sons Ltd)

The event detection system has been tested on tt Wireless -
transfemoral amputee using different commercial prosthese R
as shown in Table I. All subjects wore their normal daily CP) (I) [ p—
shoes. The system was mounted on the dominant leg of tt
CS. Information sheets containing background of the researc PC with Receiving Unit

consequences of participating and description of the
experimental activities were issdl to each subject and a

consent form was signed by each individual. All experimenta
procedures carried out in this research were approved by tl Fig. 1. Experimental Setup: Placement of — A: IMU: B: Base unit:

University of Leeds Ethical Review Board. C: Insole with footswitches; 1: Toe; 2 & 3% & 5™ Metatarsal; 4: Heel
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TABLE I
PARTICIPANTS WALKING SPEED

MEAN + STANDARD DEVIATION (M/S)

Subject Slow Normal Fast
Ccs 0.92+0.06 1.18+0.07 1.46+0.07
TFA 0.72+0.04 1.03+006 1.40x0.1
TTA 0.65+0.06 0.92+0.05 1.45+0.02

C. Real-Time gait event detection (R-GED) algorithm

A heuristic rule-based algorithm was written in Matlak
(R2014a, The Mathworks, MA, USA) for the detection of gai
events. The gyroscope signal on the shank in the sagittal pl:
has a distinct characteristic, in the form of two negative pea
(i.e. marked by triangl® each side of a large positive peak
(circles) as shown in Figure 2. The positive peak correspon
to mid-swing (MSW) whereas two negative peaks before ai
after MSW correspond to TO and IC, respecti\@y [8].

Preliminary data from two control subjects and
transfemoral amputee were used to develop the algorithm &
sampling rate of 100 Hz. The raw data were then filtered usii
a 29 order Butterworth low pass filter. Two main aspect
were taken into account while selecting filter cut-ofi
frequency {c): firstly, it must be low enough to attenuate the
noise of the signal (that contains high-frequency oscillatior
such as impact spikes during IC) and thus reduce erronec
detection of the events and secondly, it must be higher th
the principal frequency of the human g[. Previous
researchers have used cut-off frequencies ranging from 3
to 35 Hz[[d[10][12)[2]. For the proposed current algorithm,
cut-off frequencies from 3 Hz to 12 Hz were tested on tF
signal and 10 Hz was selected; considering that the filter
signal must have as little latency as possible and emul:
actual raw signal to reduce any phase shifielay associated
with event detection.

A flowchart of the algorithm and its implementation with
the gyroscope signal is shown in Figure 2. The thresha
values and rules were determined empirically based

preliminary data. The algorithm evaluates each samg
sequentially in a prescribed time denoted Ryel Once the
signal is filtered, the algorithm computes the differeriga) (
between two consecutive samples @ndw,,_,). Initially, the
algorithm searches for positive peak MSW meeting the
following two conditions; 1) the slope must be positive and 2]
the angular velocity must be greater than a threshold value «
100 degree/sec. Once the MSW s identified, the algorithn
searches for the first negative minima for IC associated with
negative slope. During the detection of IC, it might be possibl
to have more than one negative peak closer to each other d
to jitter in the gyroscope signal. To avoid such a situation
further condition was set that if in a window of 80 ms, there
any maxima closer to the already detected minima with
magnitude diffegnce of < 10 degree/sec, search for the next
immediate minima and mark it. Otherwise select the previou
minima as IC. Finally, the algorithm will search for TO after
300 ms time-counter to avoid any false detection of TO. Onc
the counter finishes and the magnitude of the angular velocit
is less than a threshold value of -20 degree/sec, the algorith
searches the local minima and marks it as TO.

D. Experimental Validation

For the validation of the algorithm, an insole containing
four footswitches was ptad inside the participants’ shoe as
shown in Figure 1. The data from eight control subjects, one
TTA and one TFA amputee from both gyroscope and
footswitches were captured in real-time using the wireless
communication system. Figure 3 shows a sample of R-GED
for the prosthetic side of TFA.
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Fig. 2.

Flowchart of the event detection algorithasdéd on gyroscope
signal on the shank
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E. Data Analysis the “t-intervals”, the value of which depends on the
The comparison was performed by calculating the tim@robability value and the degree of freed[ The
difference between the gyroscope signal and the heel and g&ributions of the TD were presented graphically using
footswitches (switches 1 and 4 in Figurg After careful Poxplots.
calibration of FSRs, a suitable threshold (T) was considered
such as for IC, T >= 0.1 volt and for TO, T <= 0.1 volt. The . RESULTS
time difference (TD) was calculated for each activity using the The accuracy of the results in terms of MD, standard
following equation: deviation and ClI for both IC and TO detection all expressed in
TD = Toyro = Tresw (1) milliseconds (ms) for eight control subjeateie TTA and one
TFA amputee during level ground walking and ramp activities
where Tgy,, and Tg 5, denote the timings of the detectedare shown in Table lIThe current data contains both starting
events (IC and TO) from the gyroscope and the footswitchgfd stopping positions along with variation in speed within a
respectively. The TD for all the subjects during level grounglig| whereas data with incomplete steps were excluded. Each
walking (LGW), ramp ascending (RA) and ramp descendingis| covers about 10-15 strides for slow, normal and fast and
(RD) were then averaged to find the mean difference (MDj.5 gtriges for RA and RD. The resutsTable 11l and Figure
Other parameters such as the standard deviation (Std) and 9 Bhow that in general the proposed algorithm detects IC later
cor_n‘i_dence interval (CI) were calculated separately for ea d TO earlier than the footswitches for control subjects and
activity. The Cl w_as calculated as follo@. intact side of both amputees for all activities. Little variation
Cl=Xttypn15/Vn (2) in terms of earlier or later detection exists for the prosthetic

where X is the estimated mean, s is the estimated stand&d€ In the case of prosthetics A, D, E and TTA.

deviation, n is the total number of observations, @ang,_; is
TABLE Il
DETECTION OFTIME DIFFERENCESMS) OF INITIAL CONTACT (IC) AND (TO) BETWEEN GYROSCOPE ANDFOOTSWITCHBASED METHOD.
MEAN DIFFERENCE + STANDARD DEVIATION AND 95% CONFIDENCEINTERVAL

Level Ground Walk Ramp Ascending Ramp Descending
IC TO IC TO IC TO
Control Subjects 10.7 £17.9 -7.6 £35.2 14 +21 -5+32 10.5+17 -25+36
[10, 12] [-9, -6] [11, 17] [-10, 0.2] [8, 13] [-31, 20]
A 13+34 13+10 3728 23577 -12.8+15 17 +11
[9, 18] [12, 15] [25, 49] [20, 27] [-19, 7] [12, 21]
B 345+30 -11.7+13 18.6 +12 -34.6 £ 10 10+ 25 -122 £ 44
[31, 38] [-13, -10] [14, 24] [-39, -30] [0.7,19] [-141, -105]
% c 29+ 44 -28.7 £ 18 27 + 26 -44 +21 -27+8.8 -205+ 38
L [23,35] [-31, -26] [16, 38] [-54, 34] [-31, 24] [-221, -189]
% b 48+19 1.3+29 39+18 51+ 12 9+40 23.7+13
b [45, 51] [-2.8, 5] [30, 47] [44, 58] [-7, 25] [17, 30]
£ 20+31 31.5+19 23112 -19+6.7 -6 £42 -41+5
[16, 24] [29, 34] [17, 29] [-22, 16] [-23, 12] [-43, 39]
TTA -5.7+16 -12.8+6.7 -10+14.7 -116+7.6 -11.8+16.4 -22.8+10
[-9, -2] [-14, 11] [-17, 2] [-16, -7] [-19, 4] [-27, 18]
A 11+13 -44.6 £ 11.7 13.4+13 -40.6 £ 6 11.5+12 4157
[9, 13] [-46, 43] [8, 19] [-43, -38] [6, 17] [-44, -38]
B 25+30 -32+£15 148+7.7 2011 5614 -325+14
[-1, 6] [-34, -30] [12, 18] [-25, -16] [-0.25, 11] [-38, -26]
2 c 15+29 -36 £ 14 18.6 £ 28 -21 +13 55+51 -42 +12
%) [12,19] [-38, -35] [8, 29] [-27, -16] [37, 73] [-46, 37]
g b 28.7+34 -17 £ 26.5 20+ 17 21.4+95 20.3 £ 26 -3.9+19
- [24, 33] [-1.2, 8] [13, 27] [17, 25] [9, 31] [-11, 4]
E 20+20.4 -126+14 13+10 -13+£11 14 +£13.7 -15+14
[18, 23] [-14, 11] [9, 17] [-17, 8] [9, 19] [-21, -10]
TTA 57+£6.7 -4+95 19+75 -3+11 6+7.3 -11.6+8
[4,7] [-6, -2] [-2, 6] [-9, 3] [2.5,9.5] [-15.6, -7.6]

*Positive values indicate the delay in detection wagmegative values indicate early detection when cadmagainst footswitch approach.
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A Distribution of time differences variability during ramp descending in particular due to the
lack of proper TO.

The distributions of time differences (TDs) for IC and TO
for all the activities are presented graphically in Figure 4. AB. Reliability
there was variation in the number of events detected for eactReliability is defined in relation to the study as the ability of
subject, the maximum number of available events for dlhe system to detect events across the full range of subjects
subjects was considered to avoid any bias irbtheplots. For and their activities and is calculated as the ratio of total gait
level ground walking25 events of both IC and TO were eévents detected by the gyroscope to the footswitch method.
considered for each subject and for each walking speed (sloi€ total number of events detected (including both IC and
normal and fast). The overall IC and TO events for the eight0) by footswitches during LGW was 2,793 for all the control
control subjects and the amputees wé200 and 1500 subjects' and B.,41 for gll the amputees (considering both
respectively. For ramp ascending and descertii§ and 17 prosthetic and intact side). The total events detectgd during
TO events were consideredr feachcontrol subject and each RA and RD was 323 and 357 for all the control subjects and

amputee The overall variation in TDs showed a positive anc‘l195 and564 for all the amputees. In total, 5.3 events were

) . detected across all subjects and all activities from which the
negative values for IC and TO about the zero reference line e x
roscope missing none of the events, resulimgl00%

; o gy
Intact side showed small variability in IC and TO detectio : ; :
The prosthetic side of TFA, on the other hand, showed higrr1géerteCtlon rate regardiess of the prosthesis being worn.
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A pilot study was also carried out to investigate the
sensitivity of the gyroscope to its placement on the shank. One
control subject participated in this study at his self-selected

CS
0.8F [——A=3R80

walking speed of 1.2 m/s while placing a gyroscope at three £ o6p |73 -Le
different positions on the lateral side of the shank (narbély 04t | 0 Toeof

cm, 21.6 cm and 27 cm away from the ankle joint for a subject
of height 1.66 m). The experimental protocol includead
straight walking and turning. Three repetitions were carried

0.2F

0.2 e 7

Normalized Shank Angular Velocity deg/sec
=

out with the gyroscope at each position. Results showed 100% “4/""
detection accuracy regardless of the location of the gyroscope. & [ v
0.6k > >
C. Lack of Proper TO ik >
. i Stance Phase Swing Phase
The MD of more than 100 ms was found in the case of TO a . . . .
0 20 40 60 80 100

detection during ramp descending while the amputee was Normalized Gait Cycle (%)
wearing prosthetics B and C as shown in Table Ill and Fig. 4;g 5 A sample of Normalized gait cycle during ramposeding, CS-1:

To further address the issue of high MD for TO during RD, Control Subject 1
the mean differences between gyro signal and 5th metatarsal
(location 3 in Figure 1) were calculated in order to detect the IV. DISCUSSION

Foot Off in the case of unnatural TO. MD was found to be This study presents a heuristic rule-based algorithm to
much smaller for both the prostheses, particularly whegentify IC and TO in both control subjects and lower limb
compared with the 5th metatarsal, establishing that thgnputees based on a single gyroscope attached to the shank
transfemoral amputee was doing foot-off instead of toe Ofccording to Salarian et aI, a rule-based algorithm
(see Table IV). generally performs 9 times faster than algorithms based on
TABLE IV wavelet analysid [8], which indicates an advantage for real-

MEAN DIFFERENCE+ STANDARD DEVIATION (MS) FORTOE OFF AND FOOT . . . .
OFFE DETECTION DURING RAMP DESCENDINGBETWEEN GYROSCOPE AND time systems. Lesser soft tissue movement on the anterior side

FOOTSWITCHES(TOE AND 5™ METATARSAL, SEEL AND 3 IN FIGURE 1) of the shank for the able-bodied control subjects and on the
intact side of TFA thawon the thigh and less signal variability
Type of Prosthetics Gyro - Toe Slggt;rig: between the subjects when compared withgyroscope _
attached to the foot are the main advantages of attaching
B -l22+44 17+40 gyroscope to the sharfRg].
c -205 + 38 1525 Evaluating the time difference between the proposed system

against the reference system for IC and TO detection in eight
Figure 5 shows a sample of one gait cyclé ¢&ide) during control subjects indicated MD + Std of 10.7 + 17.9 it

ramp descending of the prosthetic side for three prosthesgs s and 10.5 + 17 ms for IC and -7.6 + 35 ms, &@4ms
(A:3R80, B= C-Leg and C=Orion) and one of the controtijd 25 + 36 ms for TO during LGW, RA and RD
subjects (CS—l)._To show the same effect for both grouF}ﬁ’gpectively. The results for the TFA using five different
gyroscope magnitude was normalized between -1 and 1 AN theses showed MD of + 50 ms on average for all
the time was normalized in the percentage of gait cycle i.%.t. it Th Its f T'FA Iso found L
from O to 100%. The area between the two vertical dottegjC vities. The Tesuls for were aiso found promising
lines shows the kinematic variation ©6-1 and the rest of the 94"'NY all activities. o )
prostheses at the time of TO. With the 3R80, the knee has! O assess the reliability of the proposed system, detection
more flexion than the C-Leg and Orion. CS-1 has, even mdigcuracy was found to be 100% for all control subject
flexion, prior to TO when compared to all the prosthesegNd TFA using five different prostheses. Catalfamo '- [9]
Transfemoral amputees suffer from a noticeable asymmetri¢gPorted a detection rate of 99.5% and Salarian e}2d}. [
gait of the intact leg and the prosthetic leg compared to theported the sensitivity in gait event detection as 99.6% in
control subject§Z3]. Figure 5 shows this asymmetrical effecicontrol subjects and 96.4% in patients with Parkinson’s
in terms of stance and swing phase duration. Overall, toésease. Lee et §l13] and Gouwanda et §L§] also reported
prosthetic side showed less stance phase duration for A, B andetection rate of 100% for subjects with normal and altered
C compared to CS-1. Prosthetics B and C showed even lgsits, however, they evaluated for LGW activities only.
stance duration than A as the TO happened earlier due to lacla comprehensive literature review has revealed no previous
of push off which affects the TO timing. Consequently, thetudy on event detection with TFA for LGVRA and RD;
prosthetic swing duration is longer compared to the contraknce, a direct comparison with other research cannot be made
subject. The variation in the kinematics of the gait cycle iy relation to this study. Only one study] [3] validated the
particular for TO during ramp descending may also be due {9stem on transtibial amputees for event detection using two
the lack of adaptability of the prosthetic knee and prosthefif,i axjal piezoresistive accelerometers (range: +5g) located on
foot. the lower leg, for LGW at different walking speedghe

results in the present study show that the overall trend éor th

intact side exhibits behaviour in terms of early and late
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detection to that of control subjects with relatively higher T@ctivities. However, based on the resulthis asymmetric
values. The prosthetic side showed higher values, particulabighaviour did not affect event detection.
in the case of TO detection during RD as shown in Table IIl Wearable sensors and the associated algorithms deployed in
This could be due to system errors such as impropether studies have been reported to have been successfully
placement of the footswitches, movement of the insole insid@lidated with reference systems. Most of the studies were
the shoe during ambulation, variationthe kinematics of the implemented offline with very few real-time data either from
transfemoral amputee compared to able-bodied subjects dhél healthy subjects or subjects with motor-control and
also prosthesis performand@6]. In addition, subject based functional disorderd [{4] [9] [12] [13][17]. Sellas et al.[[B]
constraints such as knee-ankle adaptability, particularly in theported a MD + Std of 34 + 25 ms and 19 + 36 ms for IC and
case of ramp activities and the use of these prosthetics T8 respectively in control subjects and 33 + 41 ms and 13
relatively short periods of time (each prosthetic leg was us& ms for IC and TO respectively in transtibial amputees.
for a week or two before the experiment) could also bEhey also reported that separate algorithms for slower and
potential explanations for the observed high TD values. faster walkingspeeds and the adjustment of the cutoff values
A high MD was also observed in the case of TO detecticdf some of the low pass filters are required. Lee ef1d] |
for some of the transfemoral prostheses. This is becaudgvelopeda quasi real-time event detection algorithm using a
transfemoral amputees tend not to increase the knee flexgyroscope attached to the shank and compared the results with
during ramp ascending and descending and, therefore, mdder footswitches attached directly to the foot. The system was
physical adjustments, particularly for RD, suchaashorter evaluated on 5 healthy subjects for LGW only. The mean error
step length as a result of the smaller hip flexion with thgas 19 ms and -8 ms for IC and TO respectively. Gouwanda
prosthetic limb during the swing phad@7. Also, the et al. [[[5 recently developed a rule-based algorithm and
I|m|tat|_on of the rotatlon. of the prosthe'glc ankle a”dcompared this with two previous algorithms and reported a
compliance to the ground inclination in addition to impropeftency with an average of 100 ms for event detection in real-

controlling of the prosthetic knee especially during RDyne For ramp activities, two studies were carried out into
produce unnatural TO. While recording data from the TFA, Bvent detection using the gyroscopes, one attathethe

was _observe_d that the subject was exerting more pressure Qi -4 one on the foot.
the intact side to compensate for the amputation side in

pushing the body forward, especially during ramp based

TABLE V
SUMMARY OF DIFFERENTEVENT DETECTION STUDIES FORCONTROL SUBJECTS(CS); PRESENTSTUDY (PS);NA: NOT AVAILABLE

IC TO . . . .
Ref. Mean + Std Mean + Std Sensor and Location Activities Offline/Online CS

Two uniaxial accelerometers

34 +25 19+ 36 below knee LGW (different speeds) Offline 15
-8+9 50 +14 LGW
@ -21+15 43 +10 Gyroscopeon the shank RA Offline 7
-9+20 7312 RD
LGW
-45+144  434+6 Gyroscopeon the shank Mimicked Offline 9
shuffling gait
19+ (NA) -8+ (NA) Gyroscopeon the shank LGW (different speeds) Online 5
-16.6£11.9 3.7+265 Gyroscopeon the shank LGW Offline 9
LGW
NA NA Gyroscopeon the shank LGW with knee and Online 16
ankle braces
10.7 £17.9 -7.6+35.2 LGW (different speeds)
PS 14 +£21 -5+32 Gyroscopeon the shank RA Online 8
10.5 17 -25 +36 RD

AMD of -21 + 15 ms and -9 + 20 ms for IC and 43 + 10 Mpercentage increase/decrease (% /D) for IC was found to be
and 73 + 12 ms for TO during RA and RD respectlv havgightly higher for LGW and RD, however, results of TO
been reported by Catalfamo etfa [9] whereas GhousEBini [ showed significant improvement when compared With [9] as

reportedan overall MD of -11 ms and 69 ms for IC and TO.shown in Table VI. Percentage I/D was calculated using this
Table V provides a comparison between the proposed systg§fmulation by using absolute values.

and previous approaches based on gyroscopes attached to the
shank for control subjects only. Overall, the proposed syste _
shows an improvement for IC and TO. The MD + Std and ﬁércentage I/D =

Obtained value—Reference value

*100 (3)

Reference value
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where obtained and reference values correspond to the valueEhe detection of IC and TO events are based on finding
obtained in this study and the previous study respect[vly [9]local minima on the gyroscope signal. A condition of 80 ms

window to detect the actual IC was not used as a waiting delay

TABLE VI in the algorithm rather it was used as a time constraint (i.e.

PERCENTAGE /D OF AVERAGE MEAN DIFFERENCEBETWEENTHISWORKAND  gijther IC detected before or the timer continues until 80 ms) to

PreviousStupy [B] ensure that IC detection happens within 80 ms window. It was
observed that in most cases IC detection took place between
G"rgtﬁld Ramp Ramp 20-30 ms within that 80 ms window and did not require the
Walk Ascending Descending entire 80 ms to find the peak in the signal. Furthermore, the
condition that terminates the 80 ms timer is the magnitude
IC 34% (1) 33% (D) 17% (1)

difference between the first minima (detected as IC) and the
TO 85% (D) 88% (D) 65% (D) next sample. It was observed that the first minima (i.e. when
MSW =1 andw,, < 0) was marked aatrue IC for more than
Accelerometers could provide an alternative approach 8% of the entire IC events detected and only 2% fell in 20-30
event detection. However, their output is affected by graviiys time interval. In general, the algorithm requires the current
and also require optimal placement on the segments of &wmple to be compared with the previous sample and
human body to achieve a consistent performance. It shouldtherefore, there is at least one sample delay (10 ms) i
noted that gyroscopes have issues of sensitivity to temperatdegecting IC and TO.

variations. However, they offer numerous advantages whenin this study, data latency, with a small number of
compared to accelerometers and magnetometers e&eptions, lies within a range of + 50 ms. Kotiadis ef28l, [
enumerated below: reported that a temporal tolerance of + 0.05 s, at a sampling
rate of 100 Hz is suitable for many biomechanics applications.
I.  They can be placed anywhere along the same plamae early detection of TO can be a pre-indicator to the
on the same segment to produce identical signgisosthetic controller to take action to ensure proper toe
21]. clearance during the swing ph486j[
Il. Their data are not subjected to gravity and/or linear Lack of the knee joint in TFA leads to a larger variability
acceleration, which may contain high frequencyetween amputated and intact side. TTA data showed better

component§15]. results as TTA has the knee joints and a longer residual limb,

. Gyroscopic data is not affected by the local magnet®@nd therefore they conceive a better proprioceptive feedback
field _ about the location and orientation of the limb, resulting in
IV.  They are the most suitable device to monitor humaR°re control over the prosthetic foot/ankle joint during both
gait over longer periods of tinfe]fg]. the stance and the swing phases similar to the control group.
Accurate identification of gait events using wearable

V. A single axis gyroscope is sufficient to detect both IC i )
and 'Igo 24 P sensors placed at suitable locations and supported by a robust

and reliable algorithm would be beneficial for the

. . L rehabilitation of lower limb prosthetic users and patients with
In this study footswitches were used as a validating system orders. These gait events (IC and TO) provide useful

These must be placed at optimal lacations to accurately detﬁﬁ rmation about clinical parameters such as stance time

]tchetga}tt ﬁver;ts. An "T‘po.”ar_‘(; chsclllgjnge \{\r/]as tot_p_reve{]t tgﬁ/ing time and stride cycle duration. The information will be
ootswitches from moving Insice S ring the participants jizeq in switching controller states using a finite state

ga|tb|act|V|t|(ra]s. fA cu;togmzed insole mlghht Improve Fh'ﬁnachine to provide the necessary damping resistances or

plrotf em._Tthg oto'zswn_c s%/r?telmttwals I'C '?Ssnt over d(?rcaectuation while amputees” are in ambulatory action. In

ipsgla?(rer; sl?e slslful:th)éaSIr;(e:(\a/ioui §u3 Irr:]a{seshc?wrr?ch?r h'n%ddition, these gait events provide further information about
PS. P S 9 asymmetrical timing behavior between the intact (sound) and

accuracy and minimal delay (+ 10 ms for IC and + 22 ms f . :
TO) betweena footswitch system and a force platform. Thec;EF]e amputated side of lower limb amputees. Hence, the

. information from the gait events can be utilized to control and
authors have concluded that the footswitch system can b Wiluate the performance of the prosthesis.

useful tool as it is & low-cost option for extending laboratory- This study presented a simple heuristic rule-based gait event
based stud|es_. . . etection system for healthy control subjects and lower limb
_The dete_ct|on of IC and T.O cannot be possible witho putees. The system is based on a single gyroscope attached
prior detection .Of MSW, and is one of the dr_awbacks of tr}% the shank and is capable of identifying gait events (IC and
proposed algorithm. For the algorithm to function properly th“’f’O) in real-time. Because of its portability, the system can be
first step should be taken by the instrumented leg OtherWiiFSed in both indoor and outdoor environ}nents to reflect the

the first TO will not be detected. Another issue is th%ctual performance of the subjects. It could also be
adjustment of the threshold values for various subject] )

) . . . . . ; itplemented in clinical applications such as with functional
including patients with functional dexterity to increase th b bp

. . - h Blectrical stimulation (FES) devices to provide locomotion in
continuous and reliable event detection with 100% accura%/ ( ) P
|

. araplegic subject§3l], as a monitoring tool to evaluate
For this study, however, the same threshold values were u ?8 o :

. ' L ; ress through rehab|I|tat|d:| 8] and other ambulatory gait
for eight control subjects, one TTA and one TFA with a g g (8] ye

prosthesis types during different ADLSs. nalysis requirements.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICHERE TO EDIT) < 9

TFA and TTA gaits are different, however the aim of thi$
work was to validate the system on both transfemoral and
transtibial amputees for potential use in controlling an
evaluating the prostheses as a case study. Limitation of this
study is the small number of amputee participants. Future
work will include the evaluation with more amputees frorrEB]
both groups.

[71
V. CONCLUSION

This study presents the following outcomes:

e A reliable real-time gait event detection algorithm[s]
using a single gyroscope attached to the shank

e Evaluation with eight control subjects, oneg
transfemoral amputee and one transtibial amputee.

e Experimental results showinglO0% detection
accuracy of IC and TO across five diﬁerentﬂo]
prostheses which ensured the robustness of the
proposed system. (11]

The proposed system could be used in the following
applications:

e The development of control systems for lower limh;z
prostheses to switch betweeontrol states based on
phases and events

e Outcome evaluation after hipknee, or ankle
replacement.

e A diagnostic tool for abnormal and pathological gai[
in relation to activities of daily living (ADLS).

(13]

14]

Future work will include evaluation on a larger participanﬁ15]
pool, on varying terrains and environments such as stair

ascent/descent and during different manoeuvers such [&8
acceleration and/or deceleration to make it more effective in

the functional assessment of the gait and to utilize its tRJtpL[IN]
in prosthetics control.
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