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Analysis on the Kinematics and Dynamics of Human Arm
Movement Toward Upper Limb Exoskeleton Robot Control
Part 2: Combination of Kinematic and Dynamic Constraints

Z 8 A o & o
(Hyunchul Kim' and Choon-Young Lee™")
"Electrical Engineering, University of California, Santa Cruz

*School of Mechanical Engineering, Kyungpook National University

Abstract: The redundancy resolution of the seven DOF (Degree of Freedom) upper limb exoskeleton is key to the synchronous
motion between a robot and a human user. According to the seven DOF human arm model, positioning and orientating the
wrist can be completed by multiple arm configurations that results in the non-unique solution to the inverse kinematics. This
paper presents analysis on the kinematic and dynamic aspect of the human arm movement and its effect on the redundancy
resolution of the seven DOF human arm model. The redundancy of the arm is expressed mathematically by defining the swivel
angle. The final form of swivel angle can be represented as a linear combination of two different swivel angles achieved by
optimizing two cost functions based on kinematic and dynamic criteria. The kinematic criterion is to maximize the projection of
the longest principal axis of the manipulability ellipsoid of the human arm on the vector connecting the wrist and the virtual
target on the head region. The dynamic criterion is to minimize the mechanical work done in the joint space for each of two
consecutive points along the task space trajectory. The contribution of each criterion on the redundancy was verified by the post
processing of experimental data collected with a motion capture system. Results indicate that the bimodal redundancy resolution
approach improved the accuracy of the predicted swivel angle. Statistical testing of the dynamic constraint contribution shows
that under moderate speeds and no load, the dynamic component of the human arm is not dominant, and it is enough to

resolve the redundancy without dynamic constraint for the realtime application.
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Fig. 1. (a) The global reference frame and joint angles, (b) The
extra degree of freedom is defined by a rotation axis that
extends from the shoulder to the wrist, (c) The definition of

swivel angle.
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Table 1. Center of mass for each arm segments (percentages w.r.t

segment lengths, measured from the proximal ends).
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Table 2. Coefficients in the regression of segment mass for each
arm segment (¢, &9: §l=, r, @i g).

P} spp &

G T ¢ T ¢ T

0.0160 809 0.02 -218 0.007 -30

® 3 A ZATME ] RHE 372 9] Al
Table 3. Coefficients in the regression of moment of inertia for
each arm segment (c,,, c,,, ¢.., &S 15, v, 7, 7., &

zx ' yy

2 gm - em?).

HEe Cox Tox ¢ Yy ryy Cez T2z

2J8F | 0.535 | 98105 | 0.661 | 89662 | 0.400 | -4018

S | 1.508 | -31431 | 1.397 | 26562 | 0.313 | -11645

= 0.129 | -850 | 0.134 | -2599 | 0.085 | -3401

Abe] @B i3t T3t RdS Faly] HsixMe
A%, )EH F4 (center of

EWE (moment of

& Fgser o

AFAPE & MIUES] Hole B A AWE o]t
Be 8 4 94 449 D) oISkl 79 5 3

Zo
A== st sy «1 dol= JJ'%X] npAe} FAE %%
o] 91 (& FWHd AX9 3719 uAZ o]-&3h Alol¢]
A3kt Zhzte] & AlanES] Ay FAL
(1110l A= 7S Ao g FAsiden 2 AavE 2

71
ol thet 2 T4

o vlge ® 10] YR,
7 Aaves] Adw B4 ZAsE #7940 o8] 4
kel BRAG F1E3te] ARSEOr12] 1Y 20) 7

o ATIREC e # F5HS FAISATE 4 (8)(11)
o A g ZAEd B H7 WAL e,

Segment Weight = ¢, - BodyMass+r, 8)

I, =c,, » BodyMass+r,, )

[yy =cy BodyMass +ryy (10)

I, =c,, - BodyMass+r,, (11)

MaHES] FA9} AF(BodyMass 2 YERH)S] 9=
gmolth. #4 E’“*E/] %= gm - em?o|th X 29} ¥

3 2 I AaEs] qm 27k A} g4 2AEY 3
7 gl @%L T wE ‘/}F/MD} 2] (8)-(11)0l1 A
Rl C15Cor Cpp Cons T Ty 2, o D AE R} BEA T



™
2
@™
IS

A

ar “

4. A, B 12|31 C E}9] A Ho|HE AR8-8t] &
@ Ag 2de] F4 7eA.

Table 4. Estimated weighting coefficients (kl, k2) in bimodal

swivel angle estimation based on the data collected from

the type A, B and C protocol.
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X 5 TypeA,BandC A Y ZAZHE F

Z7J 3k Swivel angle ¥} =7 3F swivel angle 7+ 4 Q2 B & 15 HA| Ao},

Table 5. Mean and standard deviation of absolute estimation error between the measured and estimated swivel angle for Type A, B and C

experimental data.

ESTIMATION ERROR

Subject P,(mm) Mean and Standard Deviation of Absolute Error
(oprs Zope) Exp 1(Type A) Exp 2(Type B) Exp 3(Type C) For all data
dyn kin comb dyn kin comb dyn kin comb comb
1 (-160,280) 37.4° 1.84° 1.72° 10.9° 3.95° 3.33° 2L7T° 4.40° 3.61° 3.384+2.44°
2 (-140,320) 3337 2.20° 1.76° 24.86° 3.89° 313" 28.10° 2.60° 2.01° 2454+1.79°
3 (-70,290) 42.72° 1.35° 0.40° 34 .81° 1.71° 0.51° 32.97° 3.440° 0.88° 0.6440.44°
4 (-140,330) 31.65° 3.288° 2.79° 27.18° 3.49° 3.48° 23.56° 2.45° 2.35° 2.744+1.98°
3 (-60,220) | 36.53° 350° 317° | 4347 6.12° 473° | 19.19° 5.03° 392° | 4.59£3.25°
6 (-100,270) | 33.51° 372° 5.15° | 2125° 334° 2.68° | 34.66° 1.90° 145° | 5.04+2.58°
7 (-160,170) | 51.62° 6.76° 570° | 30.52° 4.62° 453° | 2147° 3.52° 283° | 452£3.16°
8 (-150,300) | 37.49° 6.49° 5.18° | 16.38° 4.68° 3.67° | 27.06° 4.64° 3.65° | 449£3.09°
9 (-80,250) 25.76° 4.33° 4.32° 11.17° 6.14° 3.56° 15.20° 2:52° 1.79° 3.324+2.51°
10 (-100,310) 31.78° 6.03° 2.87° 24.34° 5.84° 2.74° 29.69° 2.51° 1.93° 2.72+1.95°
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when the center of the chest is rotated by 45 degrees. Solid
line: Computed swivel angle, Dotted line: swivel angle
based on kinematic constraint, Dashdot line: Swivel angle
based on dynamic constraint, Circle mark: combination of

two swivel angles based on Eq. (17).
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