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Joint force/torque estimation by inverse dynamics is a traditional tool in biomechanical studies.
Conventionally for this, kinematic data of human body is obtained by motion capture cameras, of
which the bulkiness and occlusion problem make it hard to capture a broad range of movement.
As an alternative, inertial motion sensing using cheap and small inertial sensors has been studied
recently. In this research, the performance of inertial motion sensing especially to calculate
inverse dynamics is studied. Kinematic data from inertial motion sensors is used to calculate
ground reaction force (GRF), which is compared to the force plate readings (ground truth) and
additionally to the estimation result from optical method. The GRF estimation result showed high
correlation and low normalized RMSE(R=0.93, normalized RMSE<0.02 of body weight), which
performed even better than conventional optical method. This result guarantees enough accuracy
of inertial motion sensing to be used in inverse dynamics analysis.
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Fig. 2 IMU and marker placements for the experiment
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two motion sensing systems

Segmental | Inertial motion Optical motion
kinematics | sensing system sensing system
Joint rotation
(Sagittal rotation) (2, y2,22)
71.
: (1 Y1,z 0 (,b
Local x = (L0,0)
. Inverse-trigonometry :
Local x-axis gonometry
; v,eu
4, rotational angle arccos L
(roll angle) v, u‘
Local x-axis 5-point numerical
% gyroscope raw data | differentiation of ¢,
. 5-point numerical | 5-point numerical
¢ differentiation of ¢, | differentiation of g,

ooy MUl xF F4 SdeEe UEhe
x%F W A7t 29, F roll =7 ZF #E
Azt st £ Fd ZEHE dHolHEe
Zolg Aol 9 "ol =8 el x= zEnE
2229 HAL Fa #AE AAG ARgHUL
BAZ7 e w golgs #oo] gAY BAdgEw
teleE 3 W 54 H]%?} 9, A AdgE e

ool AAR whAll 3349 94 dolEd] o
FAREE Agd 2 $Ao BARS Adw.

of A4S & W FA nET F AHQZHE F
A ke 7 B AEEgor AR, o
#s 22 e W o ¢A vES F A
ALY E FHANA SHATMEEg o R AR AT
BE FA HEL2 583 A v|E(S-point
A

igjxio ek 9593 &4 2 ae]F(Inward
inverse dynamics algorithm)©] AF&-% At} &, 713
o] FA A EE)FE AFete] 7 oA
o ™ 2R FA), A e #4) &
Az EuA2] 38 w9 (Tteration) Zoldt™, 2zt

Fieq

&

i-th segment

GRFs are
estimated

GREF,

GRE,

Fig. 4 Free body diagrams for each segment

S
(1)4% ol UrE}‘é T 3
Ao A J = 4 ()
&% i o A7 4o gig X
wAe] A7t sE . Fig 4011*1 ﬁ/‘]ﬂ Hp

F, = &4 v7h 2" Ty Be
s F& 24 vl 24 r2hy
= odrgg ol i=3,i=2, i=1 TAZ FA(1)EFEH
F 9 &5 Fah H 29 i=30] uisiA, watgE
F, Zolatdl, HFHA A
W oRke FEEE ANE ¢ o

l‘

F, = F, +mG =m(J.§,+J @) Q)

J,' = ax,/a(py :f((ﬂfa(/);) (2)



April 2015 / 382

o] Relox= A7 B 2s R o
of AlHARE Egral pgsionw, 5
W, 24 % 2% Ad w9 Ay gE B
F(Ground reaction torque), Al #kel BT AXZ A}
§ Jbsaigit. el Awel oEe wol ol
& Mot Q= ~FE Ex o EXA 5
AR W] 2007k Ao BRA o o
ol e welolA SAHth ol A
W= 5H FHYE AW dh=Ee 5
g e oldgen dwe =
Ao} Wolzlth, Eak A ke Bl 7l

wlere] 4 el RAR A4l

e

225 02 24

T Alzglo] Z)dtste] F4% e AW
e gyt FRe AW v ARE Ve
2 AZTHAG. o] W v 7]Ed AE W &
Ak A 222400 A A9 FH AAE TS
gro = Apgainh

7 AaE g3 Alage e 100Hz

TIER, 22 R dHAlA2 FHsglen
= 7 delHE Had W E713ke] HAE sl
o geha AlaEle] 79 120HzE HolHE ¢§
ato] 100Hz= 43 I3 dolE ek vast]
g FAIE FHH R desidth F oEHlolEH <
VAHE BEe WHeR Uil gt w
°[E] & 120Hz®] FotA A[Zgle] AE ARkl ot

9] resamplingd} S T}

° Ho

FAQ WaLE 9lske] FAWFE AW whof
] 3

&, F5A s TFskst oAk Al AL
Al -(Normalized root mean square error, ©|3]
NRMSE) % o] AF#A|4=(Pearson correlation
coefficient, ©]&} R)E ZAlAFgth.

WA 2FAE S 13]o] g NRMSE®} Ret<
ﬁ]Lo}"ﬂE} o]% 7} H gzttt 258]9] ~FE
}ol) rﬂd NRMSE®| %3 ZFAX}, RO Ht

3, 599 HolHE BYF Hol & 1253
% foll o3k NRMSES] Hi#3 ZFEH
TS AArskad e

T8
24
RS 3

2 1o o om
o lm;

Table 2 NRMSE (mean + standard deviation) and R
values(mean) of normal GRF using two
measurement systems - inertial motion sensing

vs. optical motion sensing

Normal GRF

(# of trials) g5y g5y
NRMSE | R | NRMSE | R
(mean+tstd.) | (mean) | (meanstd.) | (mean)
0.0158 0.0175

1@ | 00022 | 996 L0020 | 0930
0.019% 0.0255

225 | o007 | 9921 | 100035 | 0861
0.0157 0.0289

3@ 1 o002 | 992 100056 | 0804
0.0193 0.0250

4@ L0016 | 98 | s00027 | 08
0.0195 0.0249

Y2 00033 | 9926 L0151 | 0878
0.0180 0.0243

Total (125) | 05 | 0926 | S| 0.864

3. 43 3 nF

3.1 HYHME ol 88t XH WY =7 45

s¥gel v @At =3 7 25 e] F2e] o
&t NRMSE(E v+EFHAhet R(EH), 181 &
€ 125¥9] F2tell gk NRMSE(E w+3E 53 b9}
R(G ) AI}E Table 20 g2 Yt

4zte] ~FE FAE viE AfEE Smst
Fol2 o T WEAHE Fas
HqA wdgkenw, Qe @ 3o g HdA
#5)& dAE, 7 2Ee] 5 JE 3 4 A
Hhe g2 Fig 6ol WERAT ofd ZpRFel =
G2 ARbE #2789 7&%4 A A
2 AA AQAzteR L}Tcﬂ Z3let A7t
718tk ®3k Fig. 5ol 24 @A 9o
g 32 AdAste] ol i +4 AH
e SAs vl

K
i)

o R AL P g

o oy
i

r;e

NS B 00180i0.0024
9264 FEASFE BATh U



ok

t2yUZetsX M 323 45 pp. 377-386

April 2015 / 383

Normalized time
o 0.2 0.4 0.6 0.8 1

(a) Subject #1

1
0.95 X

0.9
1.25

1.2} (b) Subject#2

0.9

o 0.5 1 1.5 2

0.85

1,20

o 0.5 1 1.5 2 2.5 3 3.5 4

1.2} (c) Subject#3

1.1

1.05

1

0.95
3.5 4

[e] 0.5 1 1.5 2 2.5 3

(d) Subject #4

Normal GRF normalized by the body weight

o 1 2 3

1.4’:: T = S
12| (e) Subject#5
1.18
0'850 1 2 3 4 5
Times(s} Inertial
Optical
Force plate

Fig. 5 Normal GRF estimation from three measurement
systems during one sample squat motion (where
the GRF is normalized by the body weight) (a)
Subject #1 (b) Subject #2 (c) Subject #3 (d)
Subject #4 (e) Subject #5
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(a) Segment angular position
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Normalized time

0 0.2 0.4 0.6 0.8 1

500 T

%
!

Angular acceleration (deg/s?)
Seg 2
o
L % [Ny %\ NS 5

o
oL
wE

-500
0
500

-500
0

500

Seg 3

-500

Time(s)

Inertial
——— Optical
Force plate
(b) Segment angular velocity

Normalized time

500 0.2 0.4 0.6 0.8 1
S A A
3 OWWW
_50 I L 1 L
1 2 3 4 5
5 100
% o .
T g 0
) \,.1%-—
‘Té: 100 I L 1 L
] 1 2 3 4 5
5 100
3
D » |
5 =3 0.._\ W x
w o=
-100 ) L f L
0 1 2 3 4 5
Time(s)

(d) Normal GRF normalized by weight

Normalized time

105 0.2 0.4 0.6 0.8 1
_ 12
=
=)
2 115
>
=}
7 11
N
©
£ 1.05
5
c
Lo
]
T 0.95
E
o
< 09
085 It L 1 L
0 1 2 3 4 5
Time(s)

Fig. 6 Kinematics for each segment: (a) Angular positions (b) Angular velocities (c) Angular accelerations (d) Normal

GRF normalized by body weight during a sample trial of squat motion (Subject #5)
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