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ABSTRACT

Feature extraction method based on frequency domain such as median frequency
(MDF) and mean frequency (MNF) is useful method for assessing muscle fatigue. However,
performance of frequency domain features in muscle force detection is a drawback, especially in
dynamic muscle contraction. Thus, the purpose of this thesis is to improve frequency features for
determining muscle fatigue, muscle force and joint angle or muscle length from biceps brachii
(BB) muscle and detecting three types of EMG signals including rest state, low level and high
level of maximum voluntary contraction (MVC). There are three issues of research are
investigated in this thesis. Firstly, this thesis used a sliding window analysis for extracting the
MDF and MNF features, which are called time dependent MDF and MNF (TD-MDF and TD-
MNF) for determining muscle force during dynamic muscle contraction. The results showed that
the inversely proportional relationship between features and muscle force was found in the middle
of movement duration. The proportional relationship between features and muscle force was
found in the beginning and end durations of movement. Secondly, this thesis normalizes EMG
amplitude within the interval 1 to -1 before calculating MNF and compares with the MNF feature
calculated from raw EMG data. Correlation analysis was applied to detect the linear relationship
between MNF and joint angle. The results showed that MNF increases as joint angle increases in
most subjects both raw data and normalized data. The average correlation coefficient (r) is 0.81
and 0.92 for raw data and normalized data respectively. Therefore, normalization of EMG
amplitude increases the linear relationship between MNF and joint angle. Finally, the probability
density function (pdf) of EMG signal and the measurement of the non-Gaussianity of EMG signal
are used for detecting EMG signal at rest state, low level and high level of MVC. The results

showed that pdf of signal depends on level of MVC. The density shape of EMG signal at rest
)



state is highly Gaussian. As the result, kurtosis and negentropy values are close to zero. On the
other hand, the density shape of EMG signal is gradually changed laplacian or super-Gaussian at
low level of MVC and tends toward Gaussian as force level increases. Therefore, kurtosis and

negentropy values decrease as the MVCs increase.

Keywords: EMG feature extraction method, muscle fatigue, muscle force, joint angle
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Year Ref.| N Age Muscle IED Force RT |[Filtering Case
Rectus femoris
1978 | [5) | 7 - Vastus lateralis - - - - 1
Vastus medialis
1980 |[6] | 8 | 22-52 | Flexor carpi radialis 40 | 5-100% MVC| 3 - 1
10, 20, 40, 60,
1980 [[7] | 10 |23.2+2.3| Brachioradialis 40 | 80, 100% 3 - 1
MVC
Biceps brachii 5,10, 15, 20,
0.2-2000| 1,
1982 ([8] | 4 21-24 | Brachialis 20 | 25, 30, 40, 50,{ 3-5
Hz 2
Brachioradialis 80% MVC
0.25,0.5, 1, 2,
1982 ([9] | 5 |32.5+8.2| Biceps brachii - 10 - 2
3kg
30-350
1984 [[10]| 26 |26.6+6.4| First dorsal interossrous | 10 | 20, 80% MVC| 3-5 1
Hz
20, 40, 60, 80
Frontalis 3-520
1984 |[11]]| 19 | 18-32 15 | % maximum 3 2
Corrugator supercilii Hz
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Year Ref.[ ¥V Age Muscle IED Force RT |Filtering (Case
1985 |[12]| 6 20-40 | Biceps brachii - | 1-10 Nm 8.2 - 2
1987 [13]| 12 | 26.3£2.5 | Biceps brachii 6 | 0-80% MVC | 5 [<520Hz| 2
1989 [[14]| 14 36+8 Trapezius 30 | 0-100% MVC10-15| 5-500 Hz| 2
20, 40, 60, 80,
1990 |[3]| 9 30-40 Biceps brachii - 1-2 - 2
100% MVC
Triceps 10, 20, 40, 60, 16-800
1991 |[15]| 14 | 30.2+7.8 6 3 1
Anconeus 80% MVC Hz
10, 30, 50, 10-450
1999 |[16]| 10 | 30.2+6.1 | Biceps brachii 10 30 3
70% MVC Hz
20, 30, 40, 50, 0.1-3000
2001 {[17]| 12 | 31.1+10 | Biceps brachii 40 5 1
60% MVC Hz
’ Biceps brachii 10, 20, 30, 40,
i 20-450
12008 |[18]| 12 |24.75+2.8 | Triceps 10 | 50, 60, 70% 8 2
’ Hz
Brachioradialis MVC
10, 30, 50, 70, 20-500
2009 |[19]] 94 5-69 Biceps brachii 10 5 3
100% MVC Hz
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Joint
Year |Ref. | N Age Muscle IED RT Filtering Case
angle
0,15,
19931201 | 10 - Tibialis anterior | - - - 2
30,45°

1997 | [4] | 15 24.0£ 3. Biceps brachii {30 | 0-140° Tkg 15-450 | 2
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angle

50,70, | 20,3040, | 0.1-
2001 |[17] | 12 | 31.1#10 | Bicepsbrachii 140 | g9 170, | 50,60% 3000 | 2

130 o MVC Hz
Biceps brachii 45, 60, 10, 20, 30,
20-450
2008 | [18] | 12 24.75+2.8 Triceps 10 | 75 90 40, 50, 60, 2
b b HZ
° 0
Brachioradialis 105,120 70% MVC
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21 s:uunﬁwsﬁe (Muscular system)
y & g d‘ 2y £ A g X g o , A
sz‘mmmmumﬂuszuv‘nﬂszﬂﬂmumﬂmawaﬂammmﬂuﬂﬂumuiﬂmﬂ
o 9 =1 & ] Aot o a v o Ao 9 dy
,,‘?’;Hﬂﬂﬂqﬂ L’]J‘Ll'iSU‘UVI‘LN"U’E’N'i'NﬂWEJﬂiJﬂ’ﬂiJﬁmmﬂ’e)ﬂTiﬂ’l'N‘U’m TEUUNATUIUD
b4 9 g ° & ° ) d" ¥V o = kY dy
'_i:ﬂamafmammamuaumﬂmmmmmuuﬂﬂmmuaeeﬂ"lmﬂuwmmsuﬂ NATNIUD

@ 3 9 \ & o Y1 d'l b
Foouswdunszgn 0w dede  wazszuudsymwndenldsunesunsomdonna g
» d’ ' a A Y d' o d’ J @ 9 dy J 1
=2 ydisugazsiadiviniuaznismauiuenaenu i ndatienelusenmeaansouys

z22 187y 3 wiiade
y &
2.1.1 NeNIUDL8D (Smooth muscle)
Y dy =) 1A < kY .ﬁ' @ ' @
adtieFou lufiasa e natlundusiiovesodoazniely @y M
o 3 ! ¥ tg’ @
~srmzoms a1 ¢ dudy dudszamiunpesndudleSoumanszuulseamsn lulia
iy 8
+ -onomic nervous system) AIHUMsTIUYOINA B ruTInguRRmiionISMLgUVES

151 s Involuntary muscle)

2.1.2 naileriala (Cardiac muscle)

o kY d" LY A o v g Y dy @ ~
Lﬂuﬂﬁ’lllluﬂﬁﬂymglﬂw1$WUﬂﬂ31ﬂlﬂ1uu ﬂa'lllluf)ﬂﬂﬂﬂllﬁ1ﬂﬁ’]im'ﬂﬁ

¥ L]

o N ¥ ° ' > e 8
s 2 Fynduniieats msyhauegmeldmsnivguessszuulszamsaTuliazeg

E1)

-2= wdamsnruquuesdals
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2.1.3 nd1siioare (Skeletal muscle)
LY dy =3 Vel 1 ~ [ J 3 o %‘ w
ﬂammamﬂmmmclﬁqmqwclu‘inmﬂmgﬂﬁzmm 40 Lﬂ@ﬁl%uﬁﬂl@ﬂu?ﬁuﬂ
[} 9 dy = dyd < 9 dy AL o W v
INNY ﬂaﬁJLu@‘lﬁ—!ﬂ‘L!lla']EJG]']?J"U'J'N!,‘]Juﬂﬁ']mu@ﬂﬂﬂﬂﬂﬂﬂﬂ‘igﬂﬂiﬂﬁxﬁﬁ (Skeleton) VDI
] a g o YAk v A gya o o vy & ocqwa
31\1?“511@03“@1—‘! (tendon) 1’111’71—“1’10@ﬂQTNLuﬂlﬁﬂﬂﬂUﬂﬁgﬂﬂ ﬂTﬁﬁﬂﬂ?ﬂl@QﬂﬁTNlu@"ﬂTiﬁmﬂ
4 a A ' v & ~ g
fnﬁlﬂﬁ@ull‘ﬁ'J"U@Qﬂﬁzﬂﬂllﬁglﬂﬂﬂ']ﬁlﬂa@uulﬁlﬂl@\i3’]\1ﬂ']UGI1§J§J'] ﬂamm’amﬂmgmmwu‘n
' .. P ' . 2 ' ey 4 o
!:%Uﬂ'n Or1g1n Llﬁgﬁ!ﬂlﬂ1$ﬂaTUL§ﬂﬂ31 Insertion i;mmz‘mﬁmmuum%mﬂymmﬂm@u
kY dy o 9 dy o [] Y =N T 9/ ﬁy
ﬂﬁTlJLu@a']Ulﬂuﬂﬁ']ll!,uﬂcﬂ@gﬂ?ﬂiﬁﬂ?ﬁﬂ?ﬂﬂuﬂl@ﬁ%ﬂi% (Voluntary muscle) WU NAIUD
o @ I~ 9
LUK U1 81972 10 ua U
y A daqwud o < o w a a o3 Q y & &
ﬂa’]ulu@ﬂi‘mﬂuﬁl@ﬂ’]ﬂuﬂTﬁﬂﬂHWﬁWﬁﬁ‘U'}"ﬂﬁﬂuwu‘ﬁulﬂuﬂaWNlu@ﬁTU ¥
I~ 4 = . a o @
Lﬂuﬂﬁ%ﬁlﬂﬁ@ﬂﬁnmlﬂlu (Muscle of the upper limb) ‘Vl‘]f'JEJcluﬂTiﬂ'NTu"U@QLL"’Uu LAAIAY

nwilseney 2-1 mwamﬁﬂﬂmemé’mm@mﬁ

v ]
A o = ]

v & 3 |7 a . . g & o o &
- ndunileludld iwsdle (Biceps brachii) unduniiondAgianiisney
4 = @

g dy Y Y . y A o 2a P
TN UNAUNTVDIAULYY (Anterior compartment of arm) AAWUINAUUHLUINNYINUNIT

o g { 3 (¢ - o g
sournuazmsnynveaeuvulneiderentuyanyy nduile lugdd wsdle duilu

(9

Y] d” ) ' 19 @ =t A < Y ‘ﬂy & g Y ar
adwilondnudmingitndud esmniundwiohmiuldsaainmeuen wazawse
a 9/ dy dy Y 1 d‘ 9/ (7N so’ Y]
vimsndumilot 1Rtz eidosns 1dae Tasmseniniin
§ 4 aa @ ., < ¥
- ndanilomlaneses wedda aeend (Flexor pollicis longus) 11unduiiie

A ¥ ¥

Y d' ' ' Qs’ 1 H
ﬂqmamﬁaw%’amszmwﬂszg}ﬂuammuﬁu (Proximal interphalangeal joints) agﬁﬁu

=h.

vy
= Y 1

Y v o Y o A
muwmﬂmmmu ﬂ?ﬁﬂTﬂQ@ﬂﬁ%ﬂﬂu’Jﬁ’JLm R

y A ¢ @ o a . L. vy & 2
- ﬂﬁ']lll‘l—!@ﬁ\lﬁﬂl“]f@ﬁ ﬂ']ﬁllw weead (Flexor carpi radialis) AAWIHDULTY

U= W= aa 3 @
nntjulifes dWneuladuonszgnAuLY (Medial epicondyle of humerus) uaziMIZAU

v ) a2 A o YA g oA A
muﬁuwmgmﬂﬁzﬂﬂdmawﬂ 2 (2nd Metacarpal) MUUINIOUDUDLLASNIIND

-4 ¢ ¢ @ a A o
- adaieendnuees a5 ln 1siReda aene (Extensor carpi radialis

I~ v A da v 9 ) = oA v v o
longus) lﬂuﬂaqulu@ﬂu qﬂ!ﬂ']gﬂu%']ﬂﬂﬁgﬂﬂﬁu Llﬂlullaﬂllﬂlﬂ']gﬂﬂﬁgﬂﬂd']uaﬂqqﬂ']uﬁa\3 n

Q

¥ < = 9 A
UUINOWLLASIYYAVDUD

=)

vy X ¢ ¢ an o 3 y & 4
- NANUIUDIDNBLNUITDT AINDIU (Extensor dlgltorum) Lﬂuﬂmnmewm@

q

D.

9y 9y ~ < =] [ Qs L a4 g & o 9
MICAUNNNTEANAULYU Lgazuﬂmmﬂumu 4 U ulﬂlﬂ']%ﬁ]\?ﬂﬁ%ﬁﬂﬂﬂ?l]@‘ﬂﬂ 4 U7 MAUMN

Q u

=1 ay =1 Y A
YUAUIUDLUASUDUD
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§ o a .. [ g iy
- ndwiloTUsiumes 15A M (Pronator radii teres) WunwoNaIU
1 " a t 4 o 9/ - ° t [ 9/ g
TngoguSnmdaieuay (Forearm) v09519Meuybd yhvihnaTilasuvuswnundwile
I 4 LY
I‘iJi 1HUINDI AIDANI1N T (Pronator quadratus)
& a s @ . 3| 1
- adudiogiiunes 0oena (Supinator longus) (Hundmiloniis TResou
¥ P Y o Y] & a S 1 v & A all
AUV 1/3 veanszgnisined nihnvesnduilogiiumeinstendanile ludd wsflo

lunsveile

9y @ A

v A ¢ . o y & A4
- DAUUBIAN DA (DeltOId) lﬂuﬂa’lﬂJLu@‘ﬂlﬂUﬁﬂl@QﬂUﬂ’lilﬂa'ﬂu'lﬁ’)‘l]'ﬂﬁ
v v s/

S 1 g A 9 j’ It A g o v
quwmam@"lﬁmﬂmmwn HNNNAUIHBIATNDIANIAINIZNNINUAZATDUAQUANLUA

L] q

=2 3 @

Y Y v oy X s Yya oA e A
muﬁm%ummuﬁawaﬂﬁa AAINIUDIAANDYA nﬁumwaﬂmﬂ’mumima@u"lﬁ’J‘Uadwuu

soudodn lnalugiuuuais q

-~ Deltoids

Triceps — -
(long hgad) % . Brachialis

Triceps
(1ateral ﬁead) !
Biceps

(medi : Pronator teres

ANCONRUS --ivom Brachioradiafis

Extensor carpi (radialis longus})

Extensor digitorum
Extensor carpi (radialis brevis)

}% Flexor carpi radialis

Flexor policis longus

Extensor retinacuium Abductor pollicis longus
U ~_dl poll g

Dorsal interosseous et Extensor poliicis brevis
muscles pol
— Adductor pollicis

Tendon extensor pollicis longus W

R
ﬂ'lW‘LI'izﬂ@U 2-1 ﬂﬁﬁmuﬂmnmummmzﬁ@ [28]
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2.2 Fgyanadlidhindnuile
dA Aaa Y Y F A Y 2 =
waaaliFingndouseuotooMiluniiants q (Membrane) Heaziinig

a Y T v W g 4 1
uanfdeulszy  (lons) Ausgeaeanan  lusmzdndnd Iihveawadnduiioziiseg

' a A 4 o ] A 2 o
YUY 70-90 llﬁﬁi')ﬁﬂ (mV) ‘IﬂUﬂWUuE]ﬂ!,"lfaﬁi]%llﬂ'll‘iJH'U'JﬂL?JE]WIU‘UﬂUﬂ']UGl‘H 11 ]
a4 ¥ ¢ ¥ ¥ ¢ o ¢ v y &K X
Lﬂaﬂuuﬂawwmmaa%zgﬂﬂn@gumuwmaumaaﬂizﬁmmmmaammgﬁu%ﬂmmuam

r= )

o o o 9y a 1 o o 9 P @ Y a & 9 3 [l
mmﬂummumﬂ ‘ﬂﬂ‘ﬂLﬂﬂﬂ'JHJﬂNﬂﬂEJWN]lV‘H‘hVIﬁHJﬁO'Jﬂﬂflﬂ WHUMNINHNITDUDIVUDY

G

o Y 9 Vo ¥ 2o oA 9 Yo o 1o o
ﬂ‘iJﬂﬁﬂi$ﬁlu1ﬁﬂ1€1uﬂﬂﬂizﬂﬂﬂ§8ﬁ1ﬂ ﬂ?ﬂtﬁﬂuuﬂ’)‘ﬂmﬂWﬁ@ihlﬂVﬂﬂﬁ'JﬂﬂWf’TﬂEWIN

k4
= NH

a ad : 3 =Y < a
T 18dremsandianInse Feormdlusiiady (Needle electrode) 3owiiaNUAY (Surface
v }4 1 9/
electrode) 1iNuinunduilometiufinmiainarn Senmsiamdnd dhin dayana i
&‘ ' o o { o ¥ o { a 3
adwiilo (Electromyography) aua1sAngms ¥ davesnduilodlumaswnifadunn
' R I | S o y A da
wane 9 nievouzaandwiiie dyanm ihndaiiomuiludyguvesnduilonfann
& v ¥ A y & v ¢ y
mydanuvesauosrnunmadulszevninuguadnile ludumsuwndamnsald
Q/ Y 9 dal d'w 9 VAl 1 aa Y ~ Qtd'Q g 1
dyana Fhannduiionia ldnndadihesielumsitisdvermsAalndnnetu 15y
A a 9 < I3 ' Y 9 3| 9
pimsves lsnfanndulssamdinmsmady  ldawnsomuguedvazles  idludu
v k4 v
Taona lildyana Wihonnduiovesnuilndez lindsnuvesdygraegludanud o -
a 4 Y] 1 ' { ] ] a 4 o
500 @3y uadgamuaiulngianudey Tue 10 - 150 Bsed uazvuIavosdyy Il
' o a A 4 w 1 o &‘
adszaa 50 lulasTaad - 100 fiedlaad faedrsvesdyanalWihadwiiioatsuas

aUnasy [29] uaaslunnisenon 2-2

0 100 200 300 400 500
Frequency (Hz)

¥
smwilsznow 2-2 dnvaz luTawunawaza/nesuussdyaa I¥honadwiioats [29]
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o &
2.3 ¥HAVRINM THAN IVBINAINILD (Types of muscular contraction) 4, 30]
k3
MINafIveINA Il 2 ¥iia Av
2.3.1 msnanuulelainiin (Isotonic contraction)
& o y & A4 v g & ¥ ; o
Lﬂum‘mﬂmwaaﬂmmua‘nmu"1m1ﬂmmuawmuuazm’maﬂ umaamﬂu
[ =
2 ANHUSAD
. . s d' 9 dy g; 9/ .3
- Concentric contraction NIHAAINNANNUDUA TV MWDASHUIVU
. . LY d' 9 :&l -
- Eccentric contraction N1IUAAINNAUUDUALIIDDN
o a ¥ w a v F1 - o =
elumsmmsmu"laTcﬂwuﬂumuﬂ (Load) NONULUDYNISAINATDANTITNINIU - LLTIAY
. d' =Y 9/ :&l d' d' ’y % 9/ v d' a Qs
(Tension) ‘l’llﬂﬂcluﬂﬁ'lllluﬂﬂﬂﬂ LINUIMIUNITUARAIISUDYUNIULIININAIINNITHANIVDI
9 c&l [ g; 2R A 2 =y é’ Y 1 . 1 = =} 9
NATUUD muu%wm‘imaauulwmﬂmu Y960 (Joint) i]zmgu”lﬂcluumma 9 i]\'ifﬂiﬂl‘iﬂﬂhlﬂ’ﬂ

<3 o 4 P . .
Alunisvadanuunasun (Dynamic contraction)

2.3.2 mynan v lelamnsn (Isometric contraction)
& o y A dy ia P y & &
Funisviadivesnduilen Lidnsnasuulasyesnnueivesndinie ¥4
¥ % ‘3 %’ Q H 1
ANNEIAY (Initial length) VoA WA INTAEMIIN (Load) MS0u5e (Force) #11¥un
y & Y Aa y & d' - o A &
AAULONBUNTZAUNITEN preload ANEIVBINANMNTHDIZAIN UV NUTIRUNLIY 139
k] M k4 1
MIUDNNI DU NN NMIUNTHARIVDINA I ZUINAIUTIAINUDADINAITHAAIVDI
y & o ¥ = T A = a ¥ & o - .
Ao At lutimamasulvy  JenBenldndlunsvadiuuune  (Static
1 i
contraction)  MsnuvesndiioszoeninlugUdunuusenieuen  wenvniimsie

%’ o 9 3 o a 9 dy N
u1ﬁuﬂh1'glﬂﬂ 9 ﬂf’)1ﬁUﬂ15Wﬂ¢n‘ll@\3ﬂﬁ'luluﬂllﬂuulﬂIclﬂllﬁﬁﬂ

2.4 MINVBINA NI (Fatigue of muscle) [30]

o1 9 Y =]

AYSUETIINGIVDINITOINMAINIY F1 “BA1” TANNIEDIANY TIN5
S v ¥ F4 &L a Yo ¥ o ¥y R ' 99
auumsldnunduiionuulauuuniisde 1on 14 Asiumi “dr Jwmnaninanuian
d' T = = d' a C a J Y Y &l 3’/ M
MDY 9OUNAY HIONUAKIINDINAAINLIVIONANDUMS IENANIHUY LAZUANAIIDIN
y Y c&l o A Y A b4 93 o v Vv
msngaldnunduniieduiiosainmsseuuivsomsnausinszaulivhauaeld msdag
<3 t a - o ] 9 . R A [} °
Wunam liaunsesse q Rezhausde lUd2eusagega (Peak intensity) 13 0 liamsaviiam

@0 18188 N13A13 3 1111 A
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2.4.1 Central fatigue
] { [} v ' LY <
dumsdszuvdszamdunans lausedenszuatsyam lddawan
¢ [] v v
Uszamuawmofive 1 Fnunduile ldtsgegansoldanldtwmuussiidosms  nalnms

1AR central fatigue 63 TUNT1VLUULTR

2.4.2 Transmission fatigue
o gy da X A 3 oa s [y & Yy o
dumssmmnaduiiosnnduilssamuswesnasendiiognnszauiiy
aa a . & o A o a t v
NAIHIHIULDFNA 1AAH (Acetylcholine) Fuiluesaoiseamdmsuasnunszuadszam
b
nndulszamlddindutio ldnuaawazad e lvuluviu Snalvnmsaanssumlszeaman
i @ Y g .. @ g‘l a Y .5'
dutlszam lgsndruilo (Neuromuscular transmission) ¥gAad AIHUNITHARIYDINA LD

4 ¢ d’l ' 4 v o
Lﬁmf’r'uﬂszamnamasmuamgﬂﬂszé’umu 1 9A0Y o anadisow o 1 livaduay

2.4.3 Muscle fatigue
d yd40 v & & vy Xy o o
Lﬂuﬂﬁammmmmmm Lqui]'lﬂﬂﬁTNLuﬂ‘lﬂﬁﬂﬂ'JN'lLﬂuL'Jﬁ'lu'lu
< @ a a . . A -
nNTENIANG Uz A 1udu lnsWoawa (Adenosine Triphosphate, ATP) fistoAUNDHAINA
(Creatine phosphate) Tnalaau (glycogen) wazlvoudosy nIALanAn (Lactic acid) azfmagj

o Yy 9 d’l a vy £ ' o
ﬂﬂﬁﬂﬁ’lm‘lﬂl@‘ﬂﬂﬂ’Jhlﬂuﬂﬁli]uﬂﬁqilﬁﬂﬂﬁmﬂ

2.5 InamendnyazinuvesFaanaiiihndsite (EMG feature extraction)
2.5.1 Ismsnadendnyamiauvesiaanaliihadnuielulamuma
aq ¥ & ' @ W A a d o J Y Y 4 o ¥
auydAln x Ao awssau IWdhfseurueesimsguidnnnsed o i
o R 9 ' 2 o ' [y Y 9
ganangusumelurrwamilsiuiu ¥ a1 szansounudlogaussan Wi [x, x,,
[l v
. x] FeEnsamiuudnyuza s Yoty n lansll
< ' a ' a o
(1) Root mean square (RMS) Wun1svIAs1ANAIVDIAURDYVDINAITD

VoIAYR M

o

RMS = |— 2 2.1)
N
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(2) Mean Absolute Value (MAV) ilumsmiAunasvesiduyselvesdayana

X, (2.2)

N
MAV =3
n=l1

2.5.2 Fmsnaendnyaziauvesdyanalliihnd e lamunnud
ag ¥ A Ao A . A I3 o @ A . & °
lel?alﬁclﬁ]; A9 ANUANIN Pjﬂﬂ LW'IL'J@ﬁﬁL‘]Jﬂﬁﬁ?Jﬁ'J“V]] uag Mao TUHIUIA
I'd Y g‘l 5 o Y ' s Qs g
ﬂlﬂﬂ&WTL?@ﬁﬁLﬂﬂﬁﬁNﬂﬁﬁuﬂ G'fﬁmmmmu’Jmaﬂymzmmﬁumatymgm"lﬁ}mﬁ
=< 4 =
(1) Mean frequency (MNF) Lﬂumﬂf’i’f’mmﬂawﬁwﬂm‘um (Fast Fourier

. Al YN Y v o @ 9/ ¥ P =
transformation) Lwaclﬁ"lﬂmmmmmﬂﬂmmmmmmawmmmn
M M
MW:ZLg >P (2.3)
J= J=1

. 3| 4 o .
(2) Median frequency (MDF) Wums1dnisutlasysiwsuuuss (Fast Fourier
. A g oy v ¢ v v : o ¢ v a
transformation) 1Wo ¥ lanuWesmnasy udmmanudinaswveuniiel sulnaiudl

Vg 2 & o o &
mmumwuwmmmmﬁm

MDF M 1 M
p=3r-13p »
Jj=1 J=MDFK J=1

2.6 MTINGATIUTIINE (Anthropometry) [32-33]
msdadadausime  wueds  msdadadiuiianevesuysdaiundn
Inorenans Tavdadaum 9 sutlsznoudas dauge dmin anuminlufuldfamls du
39UIVBITNNY ANWNLAZANNEIVBINTZAN M3 TadadIuTened 2 Usziandsdl
2.6.1 ¥adausrameTaluvazediufi (Static dimensions)
FuTsmsiaiaunasumenyysiioglumiislignmsadewna Tasnsa
WNAIEa fspz uvu 1 lvhmanasg ity wazvinisfidnsmmuagansedumiied
uuneulugadaudnzga  msdadaaiusumeanso ldedeazidauindesniudens

1 3 ' L]
whlatiuegyailszasavaansii i 1Fau



k4 EY
mstadadiusemelugadans 36 dwwle asl
1. A7UGIVMZEY (Standing height)
2. AMNGITTAUMIUMUNTEY (Eye height)

3. ANGITTAU lnavzdu (Shoulder height)

[43

o/

4. ANNFIsTAUTDABNYNZTY (Elbow height)

Y

5. ANNgITTAUTon: Innvaiztu (Hip height)

Q

6. ANNgITEAULDlovnzEY (Knuckle height)
=}

y
o A

7. ANWGesEAVTINoVMZEY (Fingertip height)

8. ATV (Sitting height)

9. mmqaﬁzﬁumﬂmﬂjmxﬁa (Sitting eye height)

10. mmgaixﬁu"lﬂdmmzﬁa (Sitting shoulder height)

11. ANNGITEAUADNYMELII (Sitting elbow height)

12. mmwuwmﬁmmjmmfa (Thigh thickness)

13. T2HENAUDINUYT (Buttock-knee length)

14. 5282910 UDITOW LN (Buttock-popliteal length)

15. ATWEUIIVULIA (Knee height)

16. ANugetoRu WL (Popliteal height)

17. anuntannnd e Inadns-nduniie 1nau (Shoulder breadth)
18. anundeninlvadne-1navan (Shoulder breadth biacromial)
19. anuniieas Inn (Hip breadth)

20. ANUNUINEOA (Chest bust depth)

21. AMUMUIFDINDI (Abdominal depth)

22. szazantia lvanedoren (Shoulder-elbow length)

23. szoznnderenaalatsiiaile (Elbow-fingertip length)

24, 5zuyn’vanatarniia (Upper limb length)

25. szoz0n lndnsgaguinatsliovmziile (Shoulder-grip length)
26. ANIATYL (Head length)

27. AMUANSATYE (Head breadth)

28. A8123I0 (Hand length)

29. anunNaileo (Hand breadth)



30. ANUYITUIN (Foot length)

31. AR (Foot breadth)

32. JLSNNNUYU (Span)

33. TeUCNNADN (Elbow span)

34. ﬂamgwmsmmg@mmuﬁuumm:ﬁu (Vertical grip reach standing)

4 X 3
35. ANUGIVOITLUDOVUYUIUUUVYMSUI (Vertical grip reach sitting)

3
36. 38LPOUAIUNTN (Forward grip reach)

nnseney 2-3 A UM IAFaaINS19INIEIUIU 36 AL [34]

18



19

2.6.2 FaaruirameTaluvaeinaeuil (Dynamic dimension)
msiadadiusmeuysdvazinamelimsndoulvimusssuna - Hail
Tmsialaoimuaduniwesdadiusemeidesmszda 1idnuagavesdodemuvan
a 'l o 1 sy ' ' a (=) A A ] =
meimamani a1 luvagidonsoglunayidnd hillmsvgansolionmsuiady &
s 1 d' o 9 Q/ 1 Ll .d' ~ = :& 3 '
dredrndinguesdoynviiadaaiusimevuzinion v Ae Wavvenisiadon Inadono
1 1 ) dyl EY 1 LY o 9 ] v @
a9 9 Jusume msdalsznntisoudisganngudounaziilden mszilumsiadadiu

[ v oo

] v
ﬁamwmx@giummﬁ@u“lm U NITVVIH NITAIUANAUINAY msUsznoutudin Tums

;Y ~

A e [~1 PR = @ 9/ Y1 9 LY dy Y
A luilunteny  wsrzlidetbunsndounnn  windoyaildninmsiadsznniiey1a
[ 9 @ I~ =)
aflndlneeanuanuluesa

./
2.7 A¥HUNIAMY (Body mass index, BMI) [35]
@ o~ I~ Vv Aa o ao’ @ 1 A 9 =
ﬂ%uuaamEJuJum@%u‘nﬂmamﬂmumummzmuga L‘W@GLGHL‘LEEJULWEJU
' %,’ @ o & & a
mmau@aixmnumuﬂmmmmgwmuum %Qﬂﬂﬁ}uiﬂﬁl Adolphe Quetelet GIf'l'JL‘U'ﬁL?JEJiJ

L= ] o %,’ @ 1 I~ a w 9 o @ v 1

mﬂ%umamwﬂmmummuﬂ (‘WL!'JUL“IJ‘NﬂIﬁﬂiiJ) ﬁ?iﬂ?ﬂﬂ?ﬁﬂﬁ@ﬁﬁl@ﬁﬁ?ugﬁ (iuY

L‘ﬂ‘hllllﬂi)
weight

BMI = >
height

(2.5)

2.8 M3dszanannurH LY (Density estimation) [36-37]
o o v I~ dy Ao o = s an A
WaNFUANUH U UNUFIUNIAYUOIMSAATIZANEDA W51zl
o o 1 o & . . .

NIUNIRFUANUHU LN IANIWNMINIEIeR° (Distribution) AU (Skewness) Lag

! . 9 [ 9 ' ] a 1 9/
A 1A (Kurtosis) voedoya s limiauvzdluvesmsifianiaie a

2.8.1 mstlszanamnurnudiulaedalaunsy (Histogram)

] a I A = Yo
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2.9 ms’a’ﬂmmsﬂuuﬂmm&s%u (Measurement of non-Gaussian) [26-27]
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2

J(x)~ Zp:k,. [E[G.(0)]-E[G.0]] (2.10)
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Abstract— Mean frequency and median frequency (MNF
and MDF) features are global used parameters of EMG power
spectrum to determine muscle fatigue. A major problem of
these parameters is a non-linear relationship between muscle
load and feature value, especially in large muscle and in cyclic
dynamic contraction. To analyze the EMG signal in both of
muscle fatigue and muscle load, we have been proposed time
dependence of the MNF and MDF (TD-MNF and TD-MDF) of
a time-sequential data. Moreover, the surface EMG signals
that were used in this study were acquired from the biceps
brachii muscle during round-trip dynamic contraction. After
that TD-MNF and TD-MDF were calculated and compared
with the standard MNF and MDF features which were calcu-
lated based on the whole data. Three statistical parameters
including mean, median, and variance were used to apply with
the selected efficient range of TD-MNF and TD-MDF in order
to easily observe and use in an application. The resuit shows
that mean parameter of selected TD-MNF have a better linear
relationship with muscle load compared to the others and have
a significant difference (p<0.005) between feature values for
different loading conditions. In addition, it was found that
there was a certain pattern of TD-MNF and TD-MDF for each
data and each subject that has not been found in traditional
MNF and MDF features. The optimal method of TD-MNF and
TD-MDF was success when overlapping consecutive window
was performed with 512-sample window size and 64-sample
window increment. In conclusion, mean of the selected TD-
MNF band can be used as both muscle load and muscle fatigue
indexes.

Keywords— Mean frequency, Median frequency, Power spec-
trum, Electromyography (EMG) signal, Isotonic contraction.

I. INnTRODUCTION

Surface electromyography (EMG) signal is one of the
most significant electro-physiological signals that is nor-
mally used to measure electrical activity from the muscles.
There are many potential applications that can be detected
and analyzed by the EMG signals such as muscle load,
muscle activity, muscle fatigue, and muscle diseases. Usu-
ally, in order to detect them, feature extraction method
should be performed. It is a method to maintain the impor-
tant EMG information and discard the unwanted EMG

parts. Root mean square, mean absolute value, integrated
EMG and zero crossing per second are commonly quantita-
tive used method in detection of muscle load. There are
features based on time domain. However, performance of
time domain features in muscle fatigue detection is a draw-
back. Effective domain of EMG feature method for detec-
tion of muscle fatigue is usually based on frequency infor-
mation. Parameters of the EMG power spectrum are used as
a feature. There are two ordinarily used namely, mean fre-
quency (MNF) and median frequency (MDF). On the con-
trary, usage of the MNF and MDF features in determining
muscle force illustrates the contradictory findings [1-8]. A
number of literatures [1-2] showed that the MNF and MDF
values increase with force levels. On the other hand, de-
crease of the MNF and MDF values with force levels is
shown [3-4]. Moreover, in some experimental results, val-
ues of the MNF and MDF become independent of the con-
traction levels [5-6]. All of these literatures were analyzed
with the EMG signals recorded from biceps brachii (BB)
muscle during static muscle contraction. In addition, non-
linear relationship with muscle load of the MNF and MDF
features are investigated in dynamic muscle contraction [7]
and in large muscle [8] as well. In this study, we are propos-
ing modification of the traditional MNF and MDF methods
in order to solve the non-linear relationship between feature
values and muscle loads. Instead of using a whole signal
fast Fourier transform (FFT) in standard features, a concept
of using consecutive FFT has been proposed for resolving
the above problem. As a result the proposed methods can be
used to detect both of the muscle fatigue and muscle load
instead of using a multi-features.

II. METHODS AND MATERIALS

A. Time-Dependent MNF and MDF Methods

The definition of the traditional MNF and MDF features
of the EMG power spectrum are described as follow:

MNF is an average frequency that is calculated as sum of
product of the EMG power spectrum and frequency divided
by total sum of spectrum intensity. It can be expressed as:
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M M
MNF=3 f,P, [ > P, (1)
j=1 j=1

where f; is a frequency of the EMG power spectrum at fre-
quency bin j and P; is the EMG power spectrum at fre-
quency bin j.

MDF is a frequency value at which the EMG power
spectrum is divided into two regions with equal integrated
power. It can be expressed as:

P, 2)

In order to analyze the EMG power spectrum in both of the
muscle fatigue and muscle load, we investigate the TD-
MNF and TD-MDF methods. The proposed methods used a
sliding window technique for extracted features instead of
using the whole data. It is suitable for non-stationary EMG
signal that is recorded from the cyclic dynamic contraction.
The concept of consecutive FFTs is shown in Fig. 1. In this
figure, the window size in length of 512 samples was used
with the window overlapping by 64 samples. A series of the
MNF and MDF features can be derived from the successive
FFT for the whole length of the EMG data. A total of 9
segment FFT's per second was obtained in this case.

In this study, performances of the TD-MNF and TD-MDF
methods that were used to determine the muscle load and
muscle fatigue were proposed and evaluated. Firstly, the ef-
fects of the window size and window overlapping functions
were optimized. The window size function was set to 512
samples in both traditional and time-dependent methods.
However, six overlapped window functions, including 32
samples (6.25%), 64 samples (12.5%), 128 samples (25%),
256 samples (50%), 384 samples (75%), and 512 samples
(100%, disjoint), were evaluated. The observation and selec-
tion of the suitable range of the TD-MNF and TD-MDF were
proposed. After that, secondly, three statistical parameters
were calculated for that range. Analysis of variance (ANOVA)
was performed on these parameters in order to measure the
relationship between parameter value and muscle load and to
appraise the significant difference in loading conditions.

B. Data Acquisition and Experiments

EMG signals were recorded by two surface electrodes on
BB muscle and reference electrode was placed on the wrist
as shown in Fig. 2(a). The EMG signals were acquired from
four normal subjects with different loads (2, 4, 6, and 8 kg).
The subjects were asked to perform the round-trip flexion-
extension contraction with 3 seconds in the range of 0-180°
as shown in Fig. 2(b). All the EMG signal recordings
were carried out using a Mobi6-6b (TMS International BV,
Netherlands). The signals were sampled at a rate of 1024 Hz
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Fig. 1 Concept of consecutive overlapping FFTs with window size is 512
samples and window overlapping is 64 samples

Fig. 2 (a) Electrode locations (left) BB muscle (right) common ground.
(b) Apparatus used to apply constant force at various joint angles (I) flex-
ion (IT) extension

with 24-bit A/D resolution and were band limited from 20
to 500 Hz. Further, an amplifier with 19.5 times was set.

ITII. RESULTS AND DISCUSSION

It is distinctly presented in the above introduction that
many discrepancies existed between the findings of a relation-
ship between the MDF (and MNF) parameter and muscle
loading level. In addition, its investigation was confirmed in
our results as shown in Figs. 3(a) and 3(b), respectively. The
average MDF and MNF values were shown that their relation-
ships are difference in each subject. For instance, in Fig. 3(b).
the MNF values are independent of the muscle loading levels
in subject 1, increasing together with the muscle loading levels
in subject 2, and decreasing with the muscle loading levels in
subject 3 and subject 4. The similar trend can be observed for
the MDF values as well. It is shown in Fig. 3(a). Consequently
the TD-MDF and TD-MNF were calculated as shown in Figs.
4(a) and 4(b), respectively. From the experimental results, we
can found that the TD-MDF and TD-MNF of the EMG data
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with cyclic dynamic contraction showed a dynamical change
with respect to time and there were certain patterns of the TD-
MDFs and TD-MNFs for each data. The selection of a suit-
able range of the TD-MDF and TD-MNF feature vectors will
offer the better separation performance between muscle con-
traction levels. However, the certain relationship between the
proposed methods and muscle loading conditions was found
in some consecutive window condition as shown in Figs. 4(a)
and 4(b). The solid line boxes present the region of features
that has an inverse relationship between feature values and
muscle loading conditions (a decrease of the feature values
with an increase of the force levels) for each subject. That it
has not found from the traditional MDF and MNF features, as
presented in Figs. 3(a) and 3(b). Mostly, these solid line boxes
were located in middle of the EMG sequences. To confirm the
discovery that it was not occurring from the effect of muscle
fatigue. The linear regression analysis was employed to ob-
serve the behavior of the muscle fatigue. For instance, series
of the MDF values from the subject 3 with different loading
levels are shown in Fig. 5. It confirms that decreased MDF
values are not affected from the muscle fatigue. Moreover, in
some subject, the positive relationship was found in the begin-
ning and ending of the sequence as shown with the dash
line boxes in Figs. 4(a) and 4(b). In this study, we selected
the middle TD-MNF and TD-MDF ranges to calculate the
statistical parameters. These parameters can be seen as a di-
mensionality reduction method in order to easily use in the
applications. To automatically assess, we used the same range
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e rer— 62 T poeT eesi
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Fig. 3 (a) Mean MDF of EMG for different loads from four subjects
(b) Mean MNF of EMG for different loads from four subjects
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Fig. 5 Series of the MDF feature of the subject 3 at different loading
conditions for proving an un-fatiguing of the muscle

of TD-MNF and TD-MDF for each subject. It ranges between
19 and 22 (about 10% of the whole windows).

For the fust optimized issue, the results show that the
method of 64-sample window overlapping function obtained
the better in separation ability than the other overlapping
consecutive window functions including the disjoint con-
secutive window function (overlapped with 512 samples).
Moreover, it has not been found the certain relationship in
each subject for the disjoint window function as formerly
founding with traditional methods. Secondly, an evaluation
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of the statistical parameters calculated from the selected TD-
MNF (and TD-MDF) was proposed. The results of p-value
obtained from ANOVA analysis are reported in Table 1. It
was found that there are the significant difference (p<0.005)
between feature values for different loading conditions. The
performance of TD-MNF is better than the TD-MDF. The
TD-MNF’s p-value is much lower than the p-value of the
TD-MDF. Moreover, mean statistical parameter shows a
better separation performance than the other two parameters,
median and variance. In the Figs. 6(a) and 6(b), the relation-
ship between mean TD-MNF (and mean TD-MDF) parame-
ter and muscle loading level are shown, respectively. There
was a certain relationship of mean TD-MDF and mean TD-
MNF for each trial and each subject that was not found in
traditional methods. Thus we can conclude that the proposed
method can be used as an index that can be used to detect
both muscle load and muscle fatigue.
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Fig. 6 (a) Mean of selected TD-MDF (b) Mean of selected TD-MNF of BB
during cyclic dynamic contraction with 512 sample window size and 64
sample window overlapping

Table | ANOVA analysis (average p-value from 4 subjects) of three
statistical parameters extracted from selected TD-MDF and TD-MNF
(window size is 512 samples and window overlapping is 64 samples)

Feature Average p-values
extraction TD-MNF TD-MDF
Mean 0.00305 0.01768
Median 0.00340 0.02387
Variance 0.09327 0.27870
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IV. CoNcLUSIONS

The idea of using consecutive FFT has been proposed for
extracting the MNF and MDF features that can be used to
detect both of the muscle loads and muscle fatigue. Its bet-
ter separation and reliability performance of the proposed
were shown through the experiments. An increasing of the
processing cost does not require any additional hardware. In
the future works, the various efficient statistical parameters
should be evaluated with the selected suitable ranges.
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Abstract

Parameters derived from EMG power spectrum are beneficial methods for assessing muscle fatigue. Two important
indices are median frequency and mean frequency (MDF and MNF). They have been established as the global muscle
fatigue indices, particularly in static muscle contraction of biceps brachii muscle. However, a major problem of these
parameters is a nonlinear relationship between muscle load/force and feature value, particularly in cyclic dynamic
muscle contraction of forearm muscles. In this study, EMG feature indices that can simultaneously identify both
fatigue and load are proposed. Instead of using an entire EMG signal fast Fourier transformation (FFT), a concept of
using consecutive FFT has been proposed as known as the “Time-Dependent MDF and MNF” (TD-MDF and TD-
MNF). The success of TD-MDF and TD-MNF features used to determine muscle fatigue have been presented in a lot
of research works, whereas the performance of TD-MDF and TD-MNF used to determine muscle load have been
proposed in a few research works. Moreover, it has not previously been evaluated with the forearm muscles. Thus it
has been investigated in this study. Four forearm muscles are evaluated including flexor pollicis longus, supinator
longus, extensor carpi radialis longus and pronator radii teres. The results showed that the proposed methods have a
linear relationship with muscle load in some selected range of TD-MNF for flexor pollicis longus muscle that were
not found for traditional MDF and MNF. Moreover, a statistically significant difference between TD-MNF values for
different loading conditions (» < 0.2) was observed. The optimal method of TD-MNF was successful when
overlapping consecutive window was performed with 512-sample window size and 128-sample window increment.
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1. Introduction

Surface electromyography (EMG) signal is a non-invasive technique for measuring electrical activity
which exists and compounds from muscle potential. It is also widely used in many medical and
engineering applications that can be detected and analyzed by the EMG signals such as muscle load,
muscle fatigue, and muscle diseases. In order to determine muscle load/force, feature extraction method
based on time domain should be performed. On the other hand, for assessing muscle fatigue, feature
extraction method is based on frequency domain such as median power frequency (MDF) and mean
power frequency (MNF). However, there are no universal feature extraction method that can be
determined both muscle load and muscle fatigue. In order to develop the universal feature indices, in this
study MDF and MNF, the gold standard for muscular fatigue testing, are selected.

The performance of MDF and MNF features for assessing muscle force shows the contradictory
finding. A number of literature review showed that the MDF and MNF values increase as force level
increase [1-2]. On the other hand, a decrease of the MDF and MNF values with force level is shown [3-4].
Moreover, in some experimental results, the MDF and MNF values are unaffected by changes in muscle
force [5-6]. All of these literatures were analyzed with EMG signals recorded from biceps brachii (BB)
muscle during static muscle contraction. In addition, a non-linear relationship with the muscle load of
MDF and MNF features are investigated in dynamic muscle contraction [7] and in large muscle [8] as
well. In order to resolve the above problem, the previous studies have proposed time dependence of the
MDF and MNF (TD-MDF and TD-MNF) of a time-sequential data to detect muscle load and muscle
fatigue for BB muscle [9-10], whereas the performance of TD-MDF and TD-MNF used to determine
muscle load for forearm muscle have not previously been proposed. Thus, in this study, we investigated
the TD-MDF and TD-MNF features to determine muscle load for four useful forearm muscles, namely
flexor pollicis longus (FPL), supinator longus (SL), extensor carpi radialis longus (ECRL) and pronator
radii teres (PRT).

2. Methods and Materials
2.1. Time-dependent MDF and MNF methods

The definitions of traditional MDF and MNF features of the EMG power spectrum are described as
follows:

MDF is a frequency value at which the spectrum is divided into two regions with equal integrated
power. It can be calculated as:

MDF M ] M
PRADIAEINE (1)
J=1 Jj=MDF i=l

where P;is the EMG power spectrum at frequency bin j and M is the number of total power spectrum.
MNF is an average frequency value. It is calculated as the sum of product of power spectrum and
frequency divided by the total sum of spectrum intensity, which can be expressed as:

MNE=3 1, [, @

where f; is the frequency of spectrum at frequency bin .
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In order to analyze the EMG power spectrum in both of muscle fatigue and muscle load, we
investigate the TD-MDF and TD-MNF methods. The proposed methods used a sliding window analysis
for extracting the MDF and MNF features instead of using the whole EMG data. It is suitable for non-
stationary EMG signal that is recorded from the cyclic dynamic muscle contraction. The concept of
consecutive FFTs is shown in Fig. 1. In this figure, the window size in length of L samples was used with
the window increment by / samples. In this study, the performances of TD-MDF and TD-MNF methods
that were used to determine muscle load and muscle fatigue were proposed and evaluated. The effects of
the window size and the window increment functions were optimized. Five different window size (L)
including 1024, 768, 512, 384, and 256 samples with the window increment (/) 6.25, 12.5, 25, 50, 75, and
100% of L were evaluated in the time-dependent method. The suitable ranges of TD-MDF and TD-MNF
were observed and selected. After that, three statistical parameters including mean, median and variance
were calculated for the selected ranges. The analysis of variance (ANOVA) test was performed to test the
significant difference in Iqgading conditions between parameter values and muscle load.

2.2. Data acquisition and experiment

EMG signals were acquired by bipolar electrodes on 4 useful forearm muscles consisting FPL, SL,
ECRL and PRT muscles and a reference electrode was placed on wrist as shown in Fig. 2(a). EMG
signals were collected from 4 normal subjects with different loads: 2, 4, 6 and 8 kg. EMG signals were
measured during round-trip cyclic dynamic contraction with 3 seconds in range of 0-150 degrees as

shown in Fig. 2(b). All EMG signal recordings were carried out using a Mobi6-6b (TMS International BV,

Netherlands). A band-pass filter of 20-500 Hz bandwidth and an amplifier with 19.5 times were used. The
signals were sampled at a rate of 1024 Hz with 24-bit A/D resolution.
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Fig. 1. A concept of consecutive FFTs with L sample window size and / sample window increment

(a) (b
Fig. 2. (a) Electrode locations (left) the FPL, SL, ECRL and PRT muscles (right) a common ground; (b) Apparatus used to apply

constant force at various joint angles (I} flexion (II) extension
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Results and Discussion

It is clearly presented in the above literature that many discrepancies existed between the findings of a

relationship between the MDF (and MNF) parameter and muscle loading level. It was confirmed in our
results as shown in Fig. 3. The average MNF values show that their relationships are different in each
subject for four forearm muscles. The similar results can be observed from the MDF value.

Among four forearm muscles, the TD-MDF and TD-MNF of EMG data from FPL muscle were

calculated and shown a dynamical change with respect to time as shown in Fig. 4 and Fig 3, respectively.
There were the certain patterns of TD-MDF and TD-MNF for each data. The certain relationship between
TD-MDF, and TD-MNF, values and muscle load was obtained in some consecutive window conditions as
shown in Fig. 4 and Fig. 5. The solid line boxes located in the middle range of TD-MDF and TD-MNF
presented inverse relationship between feature values and muscle load for each subject. Moreover, the
positive relationship was found in some subjects as shown in the dash line boxes in Fig. 4 and Fig. 5.

Subject 1 50 Subject 2
—6~sL -0 ECRL ~+-PRT | [#-FPL -©-5L -0 ECRL —- |
““““““““““““““““““ o
&
------------ =
6
Mass (kg)

Subject 4

Subject 3
(#-FPL -©-SL O ECRL —+ PRT |

[#-FPL -©-5L O FCRL —+ PRT

4 Mass (kg) ©

Fig. 3. Mean MNF feature of EMG signals from different loads and muscles for four subjects
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Fig. 4. TD-MDF of FPL muscle during cyclic dynamic contraction with 512-sample and 128-sample window size and increment
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Fig. 5. TD-MNF of FPL muscle during cyclic dynamic contraction with 512-sample and 128-sample window size and increment

Table 1. The suitable range of TD-MNF in some consecutive window conditions for FPL muscle.

Window size/ . . Number of Percentage of the suitable
Window increment Total windows Suitable range suitable window window with the total windows
512/128 21 11-14 4 19.05%
512/64 41 22-27 6 14.63%
384/288 10 6-7 2 20.00%
384/192 15 8-10 3 20.00%
384/48 57 36 1 1.75%
38424 113 68-72 5 4.42%

Table 2. ANOVA test (average p value from 4 subjects) of three statistical parameters extracted from the selected TD-MNF in some
consecutive window conditions for FPL muscle. Note that NaN is “Not a Number”.

] ) . i Average p value
Window size/Window increment

Mean Median Variance
512/128 0.111 0216 0.069
512/64 0.132 0.228 0.062
384/288 0.184 0272 0317
384/192 0.177 0.334 0.178
384/48 0.181 0.251 NaN
384724 0.159 0.245 0.353

In this study, we selected the middle TD-MNF and TD-MDF ranges to calculate the statistical
parameters. These parameters can be seen as a dimensionality reduction method in order to easily use in
applications. To automatically assess, the same range of TD-MNF and TD-MDF was used for each
subject. The certain relationship between the same range of TD-MNF and muscle load in some
consecutive window condition was found from the FPL muscle as shown in Table 1, which was not found
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in TD-MDF as presented Fig. 4. Moreover, the certain relationship between the same range of TD-MDF
(and TD-MNF) features and muscle load was not found for SL, ECRL and PRT muscles. Hence, the
evaluation of three statistical parameters including mean, median and variance calculated from the
selected TD-MNF was proposed only for FPL muscle. The results of p-value obtained from the ANOVA
analysis are reported in Table 2. It was found that there are significant differences (p < 0.2) between mean
TD-MNF values for different loading conditions. Mean statistical parameter shows a better separation
performance than other two parameters, median and variance. However, in our previous studies [9-10],
there is a significant difference (p < 0.005) between mean TD-MNF and muscle load for BB muscle.

The method of 512 samples window size with the 128 samples window increment provided the better
separation performance than other consecutive window function. It ranges between 11 and 14,
approximately 19% of the whole windows. The relationships between mean of the selected TD-MNF and
muscle load are shown in Fig. 6. We found that a linear relationship between mean of the selected TD-
MNF and muscle load in FPL muscle is existed for all subjects that were not found in traditional methods.

- Subject 1 = Subject 2
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Fig. 6. Mean parameter of the selected TD-MNF of FPL muscle with 512-sample and 128-sample window size and increment
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Fig. 7. Series of the MNF feature for each subject at different loading conditions (a) 2kg (b) 4kg (c) 6kg (d) 8kg for proving an un-
fatiguing of the muscle



] J

S. Thongpanja et al. / Procedia Engineering 32 (2012) 239 — 245

In the summary, the proposed method can be used to determine both muscle load and muscle fatigue
for the FPL muscle, however, its performance is worse than the EMG signal extracted from the BB
muscle. In addition, the proposed method cannot be used to detect the muscle load for other three forearm
muscles: SL, ECRL and PRT. Moreover, a linear regression analysis was employed to observe the
behavior of muscle fatigue as shown in Fig. 7. It confirms that MNF values decreased are not affected
from the muscle fatigue but from the muscle load.

4. Conclusion

The concept of using consecutive FFT has been proposed for extracted the MNF, and the MDF,
features that can be used to determine both muscle load and muscle fatigue for the FPL muscle. Its better
separation and reliability performances of the proposed method were shown through the experiments. An
increasing of the processing cost does not require any additional hardware. However, the proposed
method is not a valid tool to assess muscle load for the SL, ECRL and PRT muscles.
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