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ABSTRACT

Objective: The purpose of this study was to analyze 'response time', 'peak response time' and 'overshoot value' for each
muscle by applying the EMG signal to the vehicle response in ISO 7401 and to quantify the response of the driver according
to vehicle characteristics by comparing vehicle characteristics and muscle responses of the driver. Background: The
Open-loop test defined in international standards ISO 7401 is the only method for evaluating the performance of the vehicle.
However, this test was focused only on mechanical responses, not driver's ones. Method: One skilled male driver(22 yrs.
experience) was participated in this experiment to measure muscle activities of the driver in transient state. Then the seven
muscle signals were applied to calculate 'response time', 'peak response time', and 'overshoot value'. Results: In the analyses
of the EMG data, the effects of vehicle type and muscle were statistically significant on the 'response time' and 'peak response
time'. Also, the effects of vehicle type, muscle, and lateral acceleration level were statistically significant on the 'overshoot
value' in this study. According to the analyses of the vehicle motion data, vehicle motion variable(LatAcc, Roll, YawVel)
was statistically significant on the 'response time' and vehicle type, vehicle motion variable, and lateral acceleration level
were statistically significant on the 'peak response time', respectively. Conclusion: In the analyses of the 'response time' and
'overshoot value', the data of muscle activities(EMGs) was better index that could evaluate the vehicle characteristic and
performance than the data of vehicle motion. In case of peak response time, both EMG and vehicle motion data were good
index. Application: The EMGs data from a driver might be applicable as index for evaluation of various vehicle performances
based on this study.
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and Schwartz, 1987; Takiguchi and Yasuda, 1988).
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(ISO 4138/ 9816/ 7975/ 3888/ 8725/ 8726/ 7401 5)
= ole] dellA Wol &8sk 3tk (Yoon et al., 1994;
Sohn et al., 1995; Data and Frigerio, 2002; Yi et al., 2004;
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Step input Al&eA FHE 2= BA dolE= 7%
Aoz 57MA] A#AFA steer wheel angle(SWA),
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velocity (YawVel) & ©] 2452 tA] 37F4] 2 Hh-&-
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2. Methods
2.1 Participants
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2.2 Apparatus

Al 7HA] £ 755(0.1g, 0.5g, 0.8g) ol W step input
FAA T 71 2 Aol whel x5 533 Q1A vE
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B: 16mm) &k golstA sto] AE 3iglet elojo] Faf ~
glzto)#] vkE F 7R tEA 2@ste] X A9 Bel
71z} o2 A Agahd, 2] LatAcc, Roll, YawVelo] =}
o YEE o] F 7HAE WeE AAsIttk Table 12
A 2} B 2] EAS JERdch 2] AEd 54
A Ad2Elol= A7 24 (neutral steer) G- HUh
Z3E o gol QR k= BA4E sy, eBAEel=

A e o 23S g AR 2L wiEA vkEsk, )

3 2
How thole)d FAL sk @ oJul@h Figure 1
o

Table 1. Specification of vehicle A and B

Vehicle type A B
Tire(Inch) 15 17
Stabilizer bar ®(mm) 18 16
Handling characteristic Under steer Over steer
Under steer . Intended
........... trajectory
Neutral steer .~~~ T
bverseer

Figure 1. Three handling characteristics
(Williams and Haddad, 1995) [R: Radius of curvature]

A A A T A dAEE FAAZIZ] S
F 2 Ry 25 oF 22CTE sYstA fAAFH.
TeleMyo 2400DTS telemetry system (Noraxon U.S.A.,
gain = 500; noise<1pV, sampling rate = 1,500Hz) &
ol g8l ZHE AEE A8 10~500Hz tieiew I
BY st BE dolEH & 16bitE 3 E o] gAd #
s S mERC AZEHAT Al 71 8] A=A s
W= Steer angle (SWA), lateral acceleration(LatAcc),
roll angle (Roll), yaw velocity (YawVel) & F33}7] 94
DEWE—-5000—PM (Dewetron, Austria) BloJE 45 Al
S o] 83515t} Figure 22 The Society of Automotive
Engineers (SAE 1976) ellA JslaL = A & AlA
B-S vEbdt(Milliken and Milliken, 1995). Ho]El&
16HIE obdr T 45 tAY W& Fall 300HzE]

sampling rate® FHEACE T3, 25 B HlolE =
trigger button of analog output receiver (TeleMyo 2400R
G2, NORAXON, USA) 2] 5 millivolt input TTL signal<
ol g4l AR ol gt "HojEl FHE AT} 57
s}aF3ATh Figure 3& dlold 54 AlAal 57]8F &
LHERdT

Lateral

Longitudinal  Roll

Yaw

Vertical

Figure 2. Vehicle axis system defined by the
Society of Automotive Engineers(Milliken and Milliken, 1995)

Vehicle dynamics
EMG
Telemetry
i
Ac in

Sync out

v

-

Dewetron[PC 2] Data acquisition

EPC 1 Data acquisition

Figure 3. Apparatus and data sync processing

Analog output receiver

usB outpk

2.3 Procedure

I Adefell ] ApEs 452 W& qtek] flsk gt
714 W o2 A SO 7401:2003° A= o] Q= step
input A3S A8k T Figure 4). 2132 F3422 80
kph® fA5}=% sk, 74 4l (Steady—state) =2 A
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S Hxskelr] fla] WHg Alolelli= oF 389 F215 Fakl
oA 7] flaf AR 2L AlA
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input Al T8 7loj=gRlE whet 33] o)t 3] A%
510 2=a15l0
Foll 2 AS sk
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Figure 4. Step input test and defining section of recording signal
(ISO 7401:2003) [A: Before 2s of steering point, B: Steering
point, C: After 2s of steering point, C~D: Steady-state section]

gl HAE s Fa £ AFelA BriskeE 77
A ¢} A8 T RE 5 SUAITRMD), 5 ¥
WA RPD), #5 tlFZOLPMS), 95 4eitT 4
F(RTlong), 3= ¢+ L Tlong), 3= e
(LRF), 5 1= (RPL) °]™, SENIAM (Hermens et
al., 1999) 3 Perotto et al.(2005) ) W&} TAE A&
Figure 58} o] F-&35-%ith.

A

EW

D

.
Al

Figure 5. Positions of EMG electrodes(Hermens et al., 1999;
Perotto et al., 2005) [Right Middle Deltoid(RMD), Right
Posterior Deltoid(RPD), Left Pectoralis Major Sternal(LPMS),
Right Triceps brachii Long head(RTlong), Left Triceps brachii
Long head(LTlong), Left Rectus Femoris(LRF),

Right Peroneus Longus(RPL)]

2.4 Signal processing

7128 A% A9 2AE AFM 0~4.5% TR
FE3lo] A ARSI S, Figure 494 step input®]
Az 2% A AFE A, AR AFS B, AR 2 & AEE
C, lﬂi o]% A g ?L{ 2l mkA)ek 0.5% A-E D

£ 1SO 7401:2003¢114
step input 4] W& Farsto 1 X}a‘kﬂ%ﬂr THEYE A

35 AARCIA DARZRA S 3 BAS] Q8 59
2l golrt,

SHE A% A= 7] EMG Al&dA ECG A&
£ AASFA 7 (USA Inc., Scottsdale, Arizona), linear
envelope & & WEaL7] 913 o]F AFgAE Ao} LA
Al$Z dual pass Butterworth low pass filterE o83}
2Hz= HE¥ s3ith(Hermens et al. 1999, Winter 2005).

2.5 Experimental design

= el A S S tEsh] S8k
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time, peak response time, overshoot value®l tjal] 2}z

AT Ed B Ao ARE sty 93t

o] ZHE AlE 2 response time, peak response time,

AEAE

_0___5_—_

= response
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B89tk (Table 23 Figure 6).

Table 2. Definitions of variables

Vehicle motion & EMG

R . Time of first reach 90% of its steady state -
sponse time

Reference point
Peak response time | Time of first reach to peak - Reference point
Peak value - Steady state value) /
Overshoot value ( Y )
Steady state value
[Peak responsg \time
/ll ) A N
Resporfse timg N N Muscle response signal Steady-State section
i Sl oemmmme o mmmm ey m~-
1
’

J/ 90% Steady-State

7’
_ L.Z__Reference point
2\ 3 4
50% level

Steering wheel input signal

Figure 6. Graph of EMG response by applying Step input test

%42 response time, peak response time, over—
shoot value®l| et 2FA T SHHETEE AF 54
@ 2AF A, A B), A7 (35 LatAcc, Roll,
YawVel) 183 TH7M5E(34F: 0.1g, 0.5g, 0.89) =
AAatdon, & e SHHTE A 54 e
A A, A B), 5 (755 RMD, RPD, LPMS, RTlong,
LTlong, LRF,RPL) 183 $8714%(39: 0.1g, 0.5g,
0.8¢) & A3t

A B4 97]1x]+= SPSS 18.05 AN, $A14
el (a) 0.05% Ak A4S Tukey
HSD testE F-3353ith.

3. Results

3.1 Response time
3.1.1 Response time of EMG data

AR s T 25 e SR ARl

Response time®l| tist &4 A3}, = a7l = 547
o5, 283 AFRF 5T 25 s Aol BANORE f
o3k 2ol 5 K OLH(All p—values < 0.05), F&71550]
w2 ZHE AlFE response time?] Aifo|A] EAAQl x};
ol Ho|A| gkt

A 5ol W& response timeolXE B 2O
response time< 0.16s® A 2}32] 0.2s Ht} EAAOE
wakow], 25 ¥ AAZE 5 o)) 2520 RMD 59
response time (0.09s)°] 7} w5ro w1 Tlong(0.11s),
RPD(0.14s), LPMS(0.18s), RTlong(0.19s), 1832 RPL
(0.20s) 550] 1 FE o3tk = FwkA] 2521 LRF
o592 0.32s2% 7 =¥ response times Hth
(Figure 7).

=

Vehicle type_Response time Muscle_Response time

0.30 050
025

0.20

Response time(s)
Response time(s)
o
w
=)

015
020
0.10
0.10 Bl Bl |Bl (B]
0.05
s 5§ @ &
g & & ¢ g 5=

R

Vehicle type

Muscle

Figure 7. Response time of EMG for vehicle type and muscle
[alphabetic letters denote significant groupings, o= 0.05]

oA = Wh, kA &5 HEZZ(ALRF) OIA B A=
(0.22s) 9] response time®] AX}%(0.42s) 2] response
timeXth FAXCE {-25HA wEA YERTH(p=0.019).
T oE A 25 95 GHlE2(RPL) A LRF 25
A, A B 0.16s; 2 A:0.20s) S RO
T Yo SAALCE FoeAE ottt wehA] & A
3 Aol ot A= E4S vlwd YA RiYgshs
o] T H U= K9] &5, 53] LRF <5°|g}

& ]
3L 3 4 9l Blo|th Figure 82 A% 543 &5 719
oh

3.1.2 Response time of vehicle motion data

21 gFAE A5 dlolEl 8] response time®ll ek Aol A
T oA A W] BAFCRE fo3E Hilom
(p<0.0001), 2 543 Fe7i5EEel o s Al
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FE BAA AolE HolA| 4ttt Figure 9v AFAE
Mo = aye] gt a8 Zo|t}h YawVel 74 wik&

response times H.$11, LatAcc? Roll> A2 A4 =}

o]F HolA| 3t

Vehicle type * Muscle_Response time
0.60
OA mB
050+
% 0.40
£
3 030+
=
o
o
$ 0204
24
0.00+
LPMS RTIong LTIong LRF* RPL
Muscle
Figure 8. Interaction effects of vehicle type and muscle
[* denotes the statistically significance: i.e., p < 0.05]
Vehicle_Response time
0.40
0.35
. 0.304
O
£ 0251
3 0.20
=
o
g 0154
® 0101 g
0.05
0.00 : :
LatAcc Roll YawVel
Vehicle

Figure 9. Response time of vehicle motion data
[alphabetic letters denote significant groupings, o = 0.05]

3.2 Peak response time
3.2.1 Peak response time of EMG data

2% flo]E]o] th3t peak response time?] ANOVA
B4 Ay 2% 54 (p=0.037) I &5 (p<0.0001) ol u}
gt AR SR {28 UEFsTh Response time 4] A
T(3.1.1) 9} FAFSHA, 2FgF 573l WE B 2] peak
response time(0.41s)°] A 2}%(0.47s) KT} ] w27
HES3kA ) 5ol WE peak response time 4*]9
25 (RMD: 0.32s, RPD: 0.37, RTlong: 0.41s, LTlong:

0.37s, LPMS: 0.42s)°] 3412 &5 (LRF: 0.63s, RPL:
0.57s) Xt} peak response time©] U] W= RS BT}
(Figure 10).

Vehicle type_Peak response time
0.80 1.20

Muscle_Peak response time

0.70
0.60
0.50
040
0.30

Peak response time(s)
Peak response time(s)

0.20
0.10

0.00

Vehicle type

Muscle

Figure 10. Peak response time of muscles
[alphabetic letters denote significant groupings, o= 0.05]

3.2.2 Peak response time of vehicle motion data

Vehicle motion®] peak response time®l T3l F-AH:-
A AnEE 2 54 (p=0.001), 8752 (p=0.010),
:LE]IL 2}EAE (p<0.0001) ol WA peak response time

S EAHOR F23k 2po]E KAk Figure 11914 2
5o, 2} EAo] ulE peak response time A A%
(0.52s) Xt} B x}%(0.38s) oA O wi=2A UEeth S
71550 uE Peak response time< 0.1g%ll4] 0.39s, 0.5g
oA 0.40sZ YFEREAL 0.8g0l4 0.52s9] peak response
timeS & 7} =2/l RESSF Y Tukey test 32 +=
0.1g%} 0.5gx &2 1F o2 BEFHAL XA E] 2
peak response time< YawVel(0.27s) 7} 714 W2 peak
response time< X111, LatAcc(0.46s) 7 Roll(0.59s) 0]

] = L : :
71 HE o]t o]= response time?] A3} (Figure 9) <
Vehicle type_Peak response time Latac_Peak response time Vehicle_Peak response time
0.80 080 0.80
0.70 0.70
@ 060 @ 060 @
£ £ £
= 050 = 050 =
] ] ]
g 040 g 040 s
a a a
8 8 o010 8
I~ 0.30 I~ I~
® ® ®
& 020 & 020 5| 5| &
0.10 0.10
0.00 0.00
A B 0.4 05 08 LatAcc  Roll  YawVel
Vehicle type Latac Vehicle

Figure 11. Peak response time of vehicle type,
lateral acceleration level and vehicle motion data
[alphabetic letters denote significant groupings, o = 0.05]
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o

ul$- fAbeE 2 o 4 gtk

3.3 Overshoot value
3.3.1 Overshoot value of EMG data

SAE A% 9] overshoot valueo] tigt £AHEA] A3}
2 54 (p=0.013) 7 FE7E5E(p<0.0001), 183 &+
4 (p<0.0001) ol webA overshoot value:= SAASZE
oIt xfolE Bt 2keF B4 wE overshoot valuei
A ZAF(125%) oA B 2= (89%) Bt} =2 overshoot
value7} YERsTE SE7FEEe T overshoot value™

HI7EEETE S 5 SV AEE Btk = 0.8¢
(154%) oA 7V =9k31, 0.5¢(111%), 0.1g(39%) 7} =1
F& o]tk Tukey test A3, 875 5E EH overshoot
BT e IFoE BRI S5 mE
overshoot value #AeX= vHlwd JA] +5ERMD:
165%, RPD: 117%, LPMS: 144%, RTlong: 94%, 1. Tlong:
180%)¢] 3HA] 55 (LRF: 28%, RPL: 7%) °ll v]&l] &
overshoot valueZ} YeERtH Figure 12).

valuew

Vehicle type_Overshoot value
300

Latac_Overshoot value Muscle_Overshoot value

250

200

150

Overshoot value(%)

Overshoot value(%)
Overshoot value(%)

100

50

oo o g L o
0 225 S8ES
A B g5
Vehicle type Latac (G) Muscle

Figure 12. Overshoot value of vehicle type,
lateral acceleration and muscles[alphabetic letters
denote significant groupings, o= 0.05]

2 B39 TY7R 7] w3 AE-oflA] overshoot
value= %74 Aoz {23t duE HATHp=0.001). =Y
752 S 5 ARFFY BAFES] overshoot value:
HaH 07 o7} Wo| U= AnE B} = Figure 13
olx B el o] FE7IEE 0.1g8} 0.5g0049] A At
23} B x}2] overshoot value:® A2 H]S=81 21} 0.8¢g
ol A= A 22 overshoot value”} B 22] overshoot
value Bt} H| w7 %2 215 w3tk

HIEEe) 25 ko] w5 Ao A % overshoot value
= BA807 {3 475 BRI (p<0.0001). ov] <
wot Blo} o], MRbA o R dA| 9] 2&E Hip AR &

Vehicle type * Latac_Overshoot value
350

OA mB
300

250 1
200 1
150

Overshoot value(%)

100

L i

0.5 0.8
Latac (G)

Figure 13. Interaction of vehicle type and
lateral acceleration level

FE52 overshoot valueZ} A Yell= S 1o,
E3] 7S Sl wet o]t A T A A
EFSHTHRMD (0.1g: 50.9%, 0.5g: 208.0%, 0.8g: 225.3%),
RPD(0.1g: 27.4%, 0.5g: 124.7%, 0.8g: 185.2%), LTlong
(0.1g: 72.5%, 0.5g: 163.0%, 0.8g: 284.0%), LPMS
(0.1g: 49.9%, 0.5g: 132.6%, 0.8g: 232.1%), LRF (0.1g:
15.9%, 0.5g: 18.7%, 0.8g: 46.3%)].

E3], 95 e A7 RTlong) 53 5 A8l=
+(RPL) 55 ALl 579 4§ BF ISR}
7}kl wke} overshoot value B3t S7)6lo] FHM&EES
zZhubedels 5o UEktow, 53], Tukey testE Al
3 Ay, 7P 9] A aFo® UHE 282 LPMS

(p<0.0001) &&= eIt (Figure 14).

m ofN

Latac * Muscle_Overshoot value
450

0o.1
400+ 0.5
350 4 m0.8
300
250

200 A
150 4
100 4

" i ,ﬁ m,ﬁ ,ﬁ .

RMD* RPD* RTlong* LTlong* LPMS* LRF* RPL

Overshoot value(%)

(=]

Muscle

Figure 14. Interaction of lateral acceleration level and muscle
[* denotes the statistically significance: i.e., p < 0.05]
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3.3.2 Overshoot value of vehicle motion data

Vehicle motion®] overshoot valueol] thst EAHE4 4
I3, 2 EAoY SEVE R e AT 22 oudt

Sesel UANE BAH R Golg Aol S nol g
e,

4. Discussion
4.1 Response time
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response timeS 413 A3}, 2}AFol WA FAHA
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w113 ZF 28 A1EL Step 50 FIZel 89 WA Al Step
6: FAZA ] 448 &8 Step 7: & rolling; Step 8:
A3 2|50 79 shgols) oA AT vke} Zo] fAbsk vt
SAIZE &4 Ak 3 4= Stk Yoon et al.(1994) 8] <A
ToME A A7 e T 7ER] 2719 AEE o)
2o 2 3t step input A8 YawVel®} LatAce, L&
3 Roll®] response time AT-ol4 F 7FA] 2719 A& &
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28 Az gt response time? F$-, B xFEolA
response time®| EAA o7 w2 A Jelgth 4, 25
9] response time©] HWE= 212 A7} AEH S =
FAlel A2 FFo] wEA WhEsh= FE gugith o]=
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ARpe] 5 ok whEA B3} B Aow AT gl
S Aot} HE3E &5 1HE] response time T4 A, 344
252 F= g 22 (LRF) o4 78 =¥ response time
S Bl W, 95 o7 259l 5 Stz (RMD) ol
A 7} w2 response times X $Ith Pick and Cole
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AdE B, Aol vl3) 3HA] FFellA] AFEA Tl whek
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=5 thEle diE o APt AES w45 w3
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4.2 Peak Response time

AF EAT SR B AFEAT 21259 peak
response times T3l ¥ A3, B x}o] A A= X} B
Aoz wZA et response timeZt §AME AYE WS
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th As, A ST AR 25 RS R A
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el A FHo] BT ARSEE Wbl 314 52 AHA) ol = 5o] 4987 witel 25 Rub: 95 A &
FAE S8 AR ol 4R &5 Hop = peak 2] overshoot value7} ARF S & A vehb= A3
response time®] YERH Zlolg} A5 ¥t 215 543 2 Hol&= Zolg} o ¥ th(Figure 14).
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Table 3. Summary of results for EMG and vehicle motion data for dependent variables
Response time Peak response Time Overshoot value
Vehicle type A:0.42s; B: 0.22s A:047s;B: 041s A: 125%; B: 89%
Muscle Upper-limb: 0.09~0.20s; Upper-limb: 0.32~0.42s; Upper-limb: 94~180%;
EMG data Lower-limb: 0.20~0.34s Lower-limb: 0.57~0.63s Lower-limb: 7~28%
. . 0.1G: 39%; 0.5G: 111%;
Lateral acceleration N/S (not significant) N/S 08G: 154%
Vehicle type A:0.52s; B: 0.38s
V?hlde Motion variable Yaw: 0.15; Lat: 0.24; R: 0.26s | Yaw: 0.27; Lat: 0.46; R: 0.59s N/S
motion data
Lateral acceleration 0.1G: .39s; 0.5G: 4s; 0.8G: .52s
EMG data Better Good Better
Index - -
Vehicle motion data N/A Better N/A
= Ho|7l 3AAE A 7HA 9 =HrIEEE WEs| YE) Balasubramanian, V. and Adalarasu, K., EMG-based analysis of change in
A= B} wekd, A=A AlS9 2AT Als 3} muscle activity during simulated driving, Journal of Bodywork and
%]: _1:51‘)\&_% ?_%_5_]__15_]3] O]Oi EE’:_ "?"{l:?_]_— %Heﬂéli% 7]’X]:L—’_ Movement Therapies, 11, 151-158, 2007.
o} Data, D. and Frigerio, F., Objective evaluation of handling quality,
Sk SGAE AlE O] AL N Proceedings of the Institution of Mechanical Engineers, Part D:
o 5 v ENo
Overshoot values= Atd71 Ao B, A7 574°] Journal of Automobile Engineering, 216(4), 297-305, 2002.
= Zv= 3l 2~ o)1= 5
THMEEE PP g ol oW EA1F Ayt B Gobbi, M., A k, k-& optimality selection based multi objective genetic
o]z ¢k Wi, THE A5 A 19 RiE AE algorithm with applications to vehicle engineering, Optimization and
543 SH7EEE BT W] argablel e v Engineering, 2012.
g8 Btk 1 =, ZH7EEE 7 HEds) ger & Hermens, H.J., Freriks, B., Merletti, R., Stegeman, D., Blok, J., Rau, G.,
9= Zol F= fFET(LPMS) 02 =59k Dlsselhorst-Klug, C. and Hagg, G., SENIAM: European Recommen-
QoA step input AES Ealo] A EA) datlo'ns for Surface Electromyography. Enschede, The Netherlands:
el wle A% Ae DAw AEEAS Ressingh Research and Development, 1999.
i i = e/1E N2 e CALE International Standard ISO 7401, Road vehicles-Lateral transient response
ISO 7401 A&l A SA& B71E 7 = Awrt test methods-Open-loop test methods, 2003.
H F dsA, Axt 2 4 vk s & 4 %= A Kang, DO, Heo, SJ., Kim, M.S., Choi, W.C. and Kim, LM., Robust
FAs WAy I5E gelsked 535 T30, vk design optimization of suspension system by using target cascading
3 A 9 oFsl EAJO] xS A|EsHA] ol H} method, International Jounal of Automotive Technology, 13(1), 109
Astel eutstel Qlo} tha AV k. WAA 4 3 122,201
Aoz G olof & AT DAL} JBAES A Milliken, W.F. and Milliken, D.L., Race car vehicle dynamics, Society of
~ _ Automotive Engineers, Warrendale, PA, 1995.
£ Q= xurt @ £ Qe 3 wH3E] slersl=
E_] T A ] B ]—q; T :: =7l chs i Sl ; ° Perotto, A.O., Morrison, D., Delage, E. and lazzetti J., Anatomical guide
& A3rs W72 93 oks}l m: Al
Zlolal, 1olF, A Frke fl8ll vheeh iRk} for the electromyographer: the limbs and trunk. 4th ed. Springfield:
o8] EAS 71 2SS uwsto gz Azl EA Thomas, 2005.
g z2F EAS W JEEHA e ¢ e 252 i Pick, A.J. and Cole, D.J., Measurement of driver steering torque using
ol st 4= Q12 Zlolg} 7]rhsit). electromyography, ASME Journal of Dynamic Systems, Measurement
and Control, 128, 960-698, 2006.
Ryu, J. and Gerdes, J.C., Integrating inertial sensors with global positioning
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