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Measurement of running velocity, step length, and step frequency
by fusion of kinematic GNSS and IMU sensors
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In this study, we aimed to enhance the precision of running analysis in track events of athletics, including curved
paths,using wearable sensors. By employing both a GNSS device and an IMU attached to the head, we devised a method
to detect initial contact and toe-off timing in feet during running. Data derived from the head-mounted IMU, after
eliminating centrifugal and tangential accelerations, allowed us to identify characteristic points of initial contactand toe-
off from the analyzed IMU waveform. These points were then compared with timings captured by a camera,
demonstrating high congruency. Furthermore, sensor fusion between the GNSS and IMU showcased the potential for
high-precision measurement of step length during running. This method not only allows for the analysis of data
traditionally presented as average values over specific intervals but also provides detailed insights into each running step.
Such detailed data analysis can offer more comprehensive strategic advice for training and competition. We believe that
this research opens the door for more intricate analyses in athletics, offering valuable insights for athletes and trainers

alike, especially in track events incorporating curved paths.

Key Words : Running analysis, Wearable sensors, GNSS device, Inertial measurement unit (IMU), Initial contact, Toe-

off, Step length, Sensor fusion
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Fig.1 Configuration of GNSS and IMU attachmenton rugby headgear
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Fig.2 Camerasetup for detecting initial contact and toe-offtimings and calculating step length
in 400 mrun on curved (286-294 m) and straight paths (356-364 m)

2-3 GNSS+- h A3 - IMUD RS

GNSS & IMU O B[R 1L, BEifh (2023) (2Hk5%, 7o = 7 HOEEGFHONMELLE Az, 72, #
BB IXFHE SR & B 2o T 7%, I AT OREXMA (BERE - gz hzh) T-EF JE Y 7%
LTHHV, GNSS THZXT-HERELDOD AT TE L X RELZ AV, GNSS & F AT 2R R S w7,

24 IMUIC & B #th - Bitha 1 S U T OBRHEFEORASR

ZHE TRIIZES L IMU LM - B AR X 5 Z & 2B TR EN TS (B, BiFE « 56,
2013) . ZHHDZ LG, AHFETH, SO IMUBEE Z RS OWREITIT S O & ki EEE L O ook
R 2T Z ER RS B 2T, IMUIC L D EHI OB O R RO Wi % Fig. 3 127~ 7.

IMU @7 — Z 22T, 3T MATLABR2023a % W To#r L7, IMU (1000Hz) (2 X Vo7 —
ZIZOWT, £9 Butterworth £ = (2 AR EIEGEIE 7 4 VX 2 LT/ A X & RE L. TOEROT 4V Z DK
x5, Iy MATREMENL 30Hz &R E LT,

[No.23-57] BAMMZE S L URSH L AIR—Y LR -Ea—<UF A FIHR 2023 (20231110, Ao54>, 11.11—11.12, BHE]



IMU (1000 Hz)
Roll and Pitch angles

Angular \klocity in running
w,, 0, ©, ) -
_ Sensor Fusion @, 0 Calculation of
Acceleration (Kalman filter) > rotational matrix
X1 Pty z

Conversion to
accelerationin |«
global coordinate

Head acceleration

Calculation of

e [ Foot acceleration
tangential o Calculation (_)f .
accelerations foot acceleration

Fig.3 Flowchart for IMU-based detection of initial contactand toe-offtiming in feet
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Fig.4 Acceleration waveforms ofa runner's head duringa 400 m run. This figure displays the processed acceleration data captured
from an IMU mounted on a runner's head during a 400 m run, prior to theremoval of centrifugal and tangential accelerations.
The horizontal axis represents the elapsed time since the startofthe 400 m run. The vertical black and green lines represent
the moments of initial contact and toe-off in feet respectively, as captured by the camera. The waveformillustrates the difficulty

in discerning the exact moments of initial contactand toe-off in feet, even after some initial data processing.
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Fig.5 Acceleration profiles after removing centrifugal and tangential accelerations. (a) represents the first step (Straight-step 1: S-
step 1) in the straight path (around 360 m), and (b) represents the firststep (Curve-step 1: C-step 1) in the curved path (around
290 m). The vertical black and green lines represent the moments of'initial contact and toe-off in feet respectively, as captured

by the camera. Asterisks (*) indicate characteristic points ofinitial contact, and crosses (1) indicate characteristic points of toe-
off. The horizontal axis represents the elapsed time since the start of the 400 mrun.
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Fig.6 Flowchart for step length calculation incorporating GNSS and IMU data correction
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Fig.7 IMUwaveformanalysis onthestraight path (around 360 m). Asterisks (*) indicate characteristic points of initial contact and

crosses () indicate characteristic points of toe-off in the IMU waveform. The vertical black and green lines represent the

moments of initial contact and toe-off in feet respectively, as captured by the camera. The horizontal axis represents the elapsed

time since the start ofthe 400 m run.

Table 1 Timing discrepancies between cameraand IMU for initial contactand toe-off in feeton the straight path

Initial Contact Feature Point for Initial Contact Toe-off Feature Point for Toe-off
(Camera) (IMU) (Camera) (IMU)
Time Time
Timestamp for| Timestamp for . } Timestamp for| Timestamp for . !
400m 400m Difference vs. S-stepl 400m 400m Difference vs. S-stepl
vs. Camera vs. Camera
S-stepl 48.095 48.128 0.033 48.24 48.247 0.007
S-step2 48.395 48.424 0.029 0.004 48.535 48.529 -0.006 0.013
S-step3 48.675 48.706 0.031 0.002 48.815 48.818 0.003 0.004
S-step4 48.970 49.003 0.033 0.000 49.115 49.114 -0.001 0.008
S-step5 49.255 49.286 0.031 0.002 49.395 49.398 0.003 0.004
Average 0.031 0.002 Average 0.001 0.007
Standard Deviation 0.001 0.001 Standard Deviation 0.004 0.004

Note: All values are in seconds.

HI AR IR IC 31T 5 IMU B & Fig.8 127k L7z, Fig.5 (b) T/ L7=kkIZ, C-stepl &3 Hr L CHE 2 7= RS > 0.015
T HTZ IMU TOHE L 50E L, C-step2—C-step5(22W\TC, ZOREICTHE SN TN LA A 78,
AT THA M A I 7 L OFRZERHH] (i) O ROEHERZE2 FiH L7z (Table2 72) . #5543 0.004
00027 Th o712, £z, B L 7 A T TR 2 T8 &L ORI ZE D 1) & R 2513 0.012+40.003 7 T - 72.
HiEH T DWW TIE, RSO 0.010 1% % IMU Bt & R E L, C-step2—C-step 62D\ T, ZORGEICEESWN TS
WrU7=BEt 2 A S 78, AT TR Y A 27 L OFEAZERM (M) oY) OREERF L2 R L
7= (Table2£7) . fEHE, 0.004+£0.002 70 CTH -7, F72, BCORAT Y FITBIT D, FHEE D AT TR -8
Hh & DORFZE DY) & AR 7213 0.011+0.004 7 T H - 7-.
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Fig.8 IMUwaveformanalysis onthe curved path (around 290 m). Asterisks (*) indicate characteristic points of initial contact and
crosses () indicate characteristic points of toe-off in the IMU waveform. The vertical black and green lines represent the
moments of initial contact and toe-off in feet respectively, as captured by the camera. The horizontal axis represents the elapsed

time since the start ofthe 400 m run.

Table2 Timing discrepancies between cameraand IMU for initial contactand toe-offin feet onthe curved path

Initial Contact Feature Point for Initial Contact Toe-off Feature Point for Toe-off
(Camera) (IMU) (Camera) (IMU)
. . Time . . Time
Timestamp for| Timestamp for . Timestamp for| Timestamp for .
400m 400m Difference vs. S-stepl 400m 400m Difference vs. S-stepl
vs. Camera vs. Camera
C-stepl 37.750 37.765 0.015 37.880 37.870 -0.010
C-step2 38.000 38.016 0.016 0.001 38.135 38.126 -0.009 0.001
C-step3 38.295 38.304 0.009 0.006 38.430 38.421 -0.009 0.001
C-step4 38.555 38.567 0.012 0.003 38.690 38.674 -0.016 0.006
C-step5 38.840 38.848 0.008 0.007 38.970 38.965 -0.005 0.005
C-stepb 39.105 39.115 0.010 0.005 39.240 39.224 -0.016 0.006
Average 0.012 0.004 Average -0.011 0.004
Standard Deviation 0.003 0.002 Standard Deviation 0.004 0.002

Note: All values are in seconds.

3:2 ATy ITROEHOZ M

IMU & GNSS D2 Y —Ta—Taild D ATy 7EE2H N L. ZRODHEIZONT, AT LVELR
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BA OFRFAEIT 15206cm Th o 72, HERE O TIX IMUIZ L AHIEZITO R - T28A, 4 AT v TOREFEN
1.6+1.3cm TH - 72235, IMU Z FVEH L7SEMOE X L 0 Tl & OFEEEZHEE LATIE LcSa oz 11211
cmTHh o 7.
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Table3 Step length discrepancies between camera, GNSS, and IMU-fused dataon the straight path

GNSS (cm) GNSS & IMU (cm)
Camera (cm)
Error Error
Value Value
(Camera Ref.) (Camera Ref.)

S-step1-S-step2 1975 192.7 4.8 198.2 0.7
S-step2-S-step3 181.8 186.3 45 179.9 20
S-step3-S-step4 191.2 186.8 4.4 1931 19
Average 190.2 188.6 45 190.4 15
Standard Deviation 6.4 29 0.2 7.7 0.6

Table4 Step length discrepancies between camera, GNSS, and IMU-fused dataon the curved path

GNSS (cm) GNSS & IMU (cm)
Camera (cm)
Error Error
Value Value
(Camera Ref.) (Camera Ref.)
C-step 1-C-step2 181.2 181.6 04 1815 0.3
C-step 2-C-step 3 205.6 206.1 05 204.9 0.6
C-step 3-C-step4 184.7 186.8 21 185.3 0.6
C-step 4-C-step5 202.2 198.7 35 199.3 2.9
Average 1934 193.3 1.6 192.8 11
Standard Deviation 10.6 9.7 13 9.7 11
4. & %®

41 ¥ - B - Ty TROAEHE

ARHFFETIE, O OINEE & BRI S 2 fRas L7z ) 2 TR EEIC B T A2 NEEE R 5 2 LT, 365 IMU
L0 BRI ORBREIE 2D 2 2R A2, TR0 OSSR ZHWE LBk OBz, 1 2 7 %2
WTCHFE LT Ot o % A S v 7 el Lz, AR L LC, EAEK CId# 0.002 +£0.001 £, HfHt 0.007 +
0004 LA T—E L7=. F£7=, dhf& Tl 0.004+0.002 #5, Hf H#1 0.004+0.002 # LIN CT—E L7-. A#FFET
W72 A F23200fps THo7=Z &b, D7 &b 0005UUNORREIFAEL S ZEERD. ZNHEHEAN
X, ZHETERIMICES SN TV IMU RZEERH A ZITL Y RE SvCue Bt L O & 1 X
J %, S IMU LV SRS CTRIHT 2 Z LR L E 2 5. A%, TS ORI BERERI L, B O
WDEA I TR THTNTY RAEERT D Z & T, S OB BERHIBIA A REIC RS &2 6N 5.
IHNET, AFRETIE, EREICNZ, 2 AT v T RICHYETDHA T A RIZONT, EHOAR N T4 NEE
LA T4 RE (B, 2022) 1A FT7A RIZOWTOA NTA RIEFSRA M7 A FE (NEFFFM, 2023) @
KERIENITTONTE N, 1 AT v 7EOMEREEIZOWTIEES A SN TW o7z £2, MIEDIT—1LT
VABUE— RTHDHAAT O (Mason,etal., 2023) % M4 HEAEL L, Wearable sensor & iV T, &1 EIC
BB —HmOAT v TR EERE CHE TE 3 NCOWTOREMITIITON T\~ 7=, T Z TAFET
X, BATICL DY HAEL g U, B85 IMUIC KV I A T TRl U7z O SIS RERICIE 2 D FN T
7. Fio, HHONSS G DY —Ta—Va VAT, BEEOBIEET S I & T, BEARK TIXIRZE 15+
06 cm, HIMKETIZLIFLIcmE I AT TR AT v 7 LIFIER CETHEI T2 2 LA, WiZ, ik
OBt 2 EfEICIE X 2 ZEDNHDRD 2 L h, SCRPIRRE (RFfH) - WEIRRES O BT T A — 2 —OHH & AR
WD FETHDLEEZLND.
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42 AHAROEAKLEGH

ARFRICE Y, MREEZEL b7 v Z7BRICBVWT, ZRETEUM OREN TV ERESCRAT v 7R « #
FEIZDOWTLAT v THOSHTNATRE £ 72 5 FIEEIRE L. REERIT, BiECE8s, MC 1Bt o%e
X D ONIEFICHEETH > 72 200m LA E o dhifRiE 25 0fE H S COITHA IR S NS, FrHIZA (2007) (12
I, EAV—REXHHEET (R NTA4 RE « XA NI A NEEZBRET 5 2 & IXHANT - BIEO0FRE 2 HEZ2
L, hb—=U T ~ORBEED I ZTHRTHD] LLTWBER, ZNLOKHNE 1REOBILERARNS
1792 ENHES. BIZIE, BENRESEEICEL CQWAHETORT v 7R - FEZHNT 52 LN TE,
HEDIKTHRLE FNIEY) AT v TE - HEOEIICONTHIEZ D2 2N TX S, 351, WMEKOLEED
XM PFET DY L—FE TOMEXBEEZRET 272 OOMEICHHEHT 2 Z ERHIFHFTE 5.

4-3 AHAROFRELRE

AWFFETIL, J00mEZHM L L THHARTF 1A ZNRE L. WIED I A T 4L UCTolr LR,
ELHREE - dhBRIE & BITERE OREIZ OV TEZ YRR TE /. L, BREN 14 ThoTolod, (1M
DHER TE T LITE AW, 5%, B2 ERFEEZFOE, BIZIXRRL5F 0, Biihe), MiloFELk5 L L
T, BEMECOVTHRIEL T MNERS 5.

ABFFETI, FFRAIZGNSS & IMU % 1D ICHAE LTV AT LD Z R EL TWVWA Z M5, GNSS & IMU
ICHEIRICEE S U, ETRITICB T 28290278 LTz, ABFSETIE, GNSS & IMU DRI A T8 CiTo722%, 4
BOBEE LT, FMNAREZR VAT LAOBFEC L0 HE2FH N AT LAORBEENFT HND.

5. #& =

AP T, MR ATl Lo 5 v 7B I2ET 5 wearable sensor & F W 7= EATRRNT 2 ks LT 5
72 OFIEEBIRT 572012, GNSS (2N 2 BHERIC IMU % 245535 U CEITRFO B2 L OB 2 M HH 5 2 Hik s B R
THZLEEARME Lz I IMULSELN DT —ZIZOWT, B OIEE & SRR 2 v C i ra g 4
DNHEZFH L, 590 L7c IMUDFKER L0, Bt & B ORES A RE LTc. TN O OREUR A LIS, AT
THAE LB R OB % 4 I 7 L L, 0 —BMEE2 "R 255 2N TE . £72, GNSS & IMU
DE Y —Ta2—Ta kY, ETHOAT v FEOEREDHIENTRETH D Z La /R LIz, AHBEDOFE
WXV, HERE CTHEDOKM O TR L TWaT —% O 121 T, 1 AT v T HOFMRETT — 4
DOFRFTAAIREL 720, P L —=2 OB OISR T RS 2% XV FEciRfit T2 2 RN Cc&E D o1tk D
tEzZb6NS.
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