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One of the problems in inverse dynamics calculation for the inertial measurement unit (IMU)-based joint force and torque
estimation is the amplified signal noises of segment kinematic data mainly due to the differentiation procedure and
segmental soft tissue artifacts. In order to deal with this problem, appropriate filtering methods are often recommended for
signal enhancement. Conventionally, a low-pass filter (LPF) is widely used for the kinematic data. However, the zero-phase
LPF requires post-processing, while the real-time LPF causes an unignorable time lag. For this reason, it is inappropriate to
use the LPF for real-time joint torque estimation. This paper proposes a Kalman filter (KF) for inverse dynamics of IMU-
based joint torque estimation in real time without any time lag, while utilizing the smoothing capability of the KF.
Experimental results showed that the proposed KF outperformed a real-time LPF in the estimation accuracy of hip joint
force and torque during jogging on the spot by 100 and 29%, respectively. Although the proposed KF requires the process
of adjusting covariance according to the dynamic conditions, it can be expected to improve the estimation performance in
the field where joint force and torque need to be estimated in real time.
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Fig. 1 Structure of IMU-based joint force & torque estimation

Table 1 Specification of MTw
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Table 2 RMSE results of the joint force and torque estimation
(a) Joint force [N]

Test 1 Test 2 Test 3
AP* SI* ML* AP SI ML AP SI ML
Ankle 0.15£0.0 0.11+0.0 0.26+0.1 1.37+0.3 1.20+0.6 0.83+0.1 3.89+0.3 2.88+0.1 2.34+0.1
M1 Knee 0.92+0.3 0.73+0.1 0.94+0.1 2.67+0.4 3.13+0.5 2.15+0.3 11.9+0.7 8.24+04  7.15+0.5

Hip 3.11£1.1 3.9340.1 4.08+0.8 4.76+0.6 9.83+0.6 6.68+1.3 25.2+1.5 38.6£2.8  22.2+1.2

Ankle 0.18+0.0 0.11£0.0 0.29+0.1 1.83+£0.3 2.09+0.5 1.15+0.1 433£0.2 45802  2.89+0.1

M2 Knee 1.62£0.2  0.93+0.1 1.50+0.1 5.34+0.5 6.68+0.5 3.23+40.3 25.6+1.2 17.4£1.0 83104
Hip 5.18+0.8 8.04+0.5 5.79+0.6 12.£01.1 22,714 10.2£1.2 62.4+2.6 91.8+6.5  28.1+£0.9

Ankle 0.28+0.0  0.26+0.0  0.37+0.1 2.8740.4 2.45+0.7 2.00+0.2 13314 9.34+0.5 7.06+0.4

M3 Knee 1.40+0.2 1.03+0.1 1.22+0.1 4.78+0.4 3.65+0.6 3.21+0.3 22.0£1.8 18314 16.0£1.2
Hip 5.20+0.8 5.84+0.2 5.68+0.6 8.48+0.6 11.0+0.5 10.8+1.1 48.1£4.0 56.4+4.8 53.4+4.9

(b) Joint torque [Nm]

Test 1 Test 2 Test 3
AP ST ML AP ST ML AP ST ML
Ankle 1.42+0.2 0.11+0.0 1.934+0.3 2.04+0.6 0.31+0.2 3.12+£2.0 3.05+0.6  0.50+0.0  3.00+0.3
Ml Knee 422+13 0.97+0.2 10.5£0.9  3.50+2.6  0.39+0.1 3.94+2.0 10.8+4.8 1.54+0.3 18.54+.8

Hip 7.63£1.2 1.14+0.4 7.85+2.7 7.30+5.0 0.74+0.2 6.96+2.7 13.4+£5.9 2.25+0.3 21.4+5.3

Ankle 1.42+0.2 0.11+0.0 1.93+0.3 2.04+0.6 0.35+0.2 3.13+£2.0 3.05+0.7 0.53£0.0  3.05+0.3

M2 Knee 4.24+1.3 0.98+0.2 10.5+0.9 3.56+2.6 0.54+0.1 4.09+2.0 11.1+4.7 1.73+0.3 18.8+4.7
Hip 7.7241.2 1.33£0.4 7.99+2.6 7.74+4.9 0.93+0.2 8.27+2.4 14.8+5.4 3.18+0.3 29.9+4.4

Ankle 1.43+£0.2 0.12+0.0 1.93+0.3 2.05+0.6 0.46+0.2 3.12+2.0 3.25+0.6 1.34+0.1 3.03+0.3

M3 Knee 4.24+13 0.98+0.2 10.5+£0.9 3.5942.6 0.62+0.1 4.22+420. 11.5+4.6 2.74+0.2 19.8+4.7
Hip 7.66+1.2 1.19+£0.4 7.93+2.7 7.74+4.9 0.93+0.2 7.44+2.6 18.5+4.5 3.09+0.3 25.7£5.1

*AP: Anterior-posterior, SI: Superior-inferior, ML: Medial-lateral

Anterior-Posterior Superior-Inferior Medial-Lateral

- = =Reference —o—M2

-
o

(=]

Acceleration (m/sz)
o

-

) o
- [4,] o (4,

Angular velocity (rad/s)

13 13.5 14 145 15 135 14 14.5 15 13 13.5 14 14.5 15
time (sec)

Fig. 3 Comparison of accelerations and angular velocities of thigh in Test 3
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Fig. 4 Result of hip joint force and torque estimation in test 3

Table 3 Correlation coefficient of joint force and torque in test 3 Table 4 RMSE of thigh segment kinematics estimation in test 3
(a) Joint force a., [m/s?] ®, [rad/s] @, [rad/s?]
Ankle Knee Hip Ml 2.54+0.2 0.44+0.1 17.11+2.1
M1 0.99£0.00 0.980.00 0.90£0.02 M2 5.27x0.6 1.37+0.2 33.71£6.0
M2 0.99::0.00 0.980.00 0.68+0.03 M3 4.95£0.5 0.5540.1 37.2447.5
M3 0.94+0.01 0.91+0.02 0.75+0.05

tlo]8] RMSE A3} (P02 ol Fig. 5= A 53

= Sl3} &5 34 o RMSE

b) Joint torque
(b) Jointtorq YolE® 24 npae] 23

=
Ankle Knee Hip J@zolt). Fig. 59 @2t wijs E2HAS yehdch Aet

M1 0.99+0.00 0.95+0.04 0.85+0.05 i DE & 88t ML 7k&e, Z4n Jgl1 ZieEs
M2 0.99+0.00 0.95+0.04 0.75+0.02 RMSE9|A] M29} M3t} 247 % —}_I— 2.57 m/s, 0.52 rad/s 12]aL
M3 0.98+0.01 0.93+0.04 0.82+0.04 18.4 rad/s® Z¥43}ed, 24 A%o] 22t 101, 108 182 107% &
=90 & 74 RMSE®] %‘% MI2 M29} M3&t} 742} 53

= AAR x2S & skl T 3213} 239N fasto] ot 98%9] eaF A4l a3E H
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ol A= nde] 2gets dak B8] 24 Ay F 341 Nm gsto] Bat 28%2] A B3RS Hyloh wekA, A
RS T TEfjzo|w, Table 32 7 ol wt g ik qF 2wk FEE ARSHOR WSk 253 HlojE oA
A 9 9 B Hxglakel Aas(Corelation Coefficient, 4 s FE d FollA= 7 axpt A7) SAYsA]
Pearson’s 1) AI(P+EFHAOILE M12] 3 Wl B3 gt 4 wh B3 Gold= 7Rt whEe) /A ankE 1A SEkglch
TAZL 0.96 18]I 09308, Ao 935} gojgs & = B3 9] /Al vzt Adiz ez 2k olfo tis) ot
stnEn 3 Ea9] FAH A= %%f_’_ Aet=s Holk ub BY] 9fe] "—“‘.%—.Q.*ﬁ‘oﬂ*i 7k 2] 554 =gl =3t
H, M29] 3 2 B3 i A= 0.88 18]l 0.900]H, H o] 279} HjE-S YolH Tt Table 5= Testd 3 B3

M3} 79 22} 0.87 1|3l 0. 91013} FENe A 2 R AN 9 FEA O 2dEE 4 Fe] B AET (Root
&3t dlolE o] AIRE At 25 AEe® QI o2 AARE Mean Square, RMS)¥} Apx|8l= Hl&o|tt. B3 244 A &
4 Aol AA AstE k. 53], M29] 1 o 4 Wk H9e| T4 o] SEbdaE A&net AriEEr) 2okd F
A= 0.68(APFS] - 036)0]0], B4 4 Hak A o RMSeF Ax[sh= vl&o] SIS, Test 3904 J. o, 2
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Fig. 5 RMSE results of the hip joint force and torque estimation in
test 3

Table 5 RMS and portion of each terms in the inverse dynamics
equation

(a) Joint torque equation [N]

Jo, o, , X (JC_,. u),.) Others
Test 1 0.21 (0.26%) 0.01(0.01%) 72.7 (99.7%)
Test 2 0.42 (0.71%) 0.04 (0.06%) 58.2 (99.2%)

Test 3 144 (1.56%)  0.09(0.10%)  90.5 (98.3%)

(b) Joint force equation [Nm]

mac; n;g F,,
Test 1 3.62 (0.87%) 44.5 (10.8%) 365 (88.4%)
Test 2 11.4 (2.20%) 44.5 (8.54%) 465 (89.3%)
Test 3 30.8 (4.93%) 44.5 (7.13%) 548 (87.9%)
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