APPENDIX
Inverse dynamics computation

Basically, equations of motion of the four linked segment model can be written as follows.

r=1e®-VEL-GRA -REA

Iy 1, Iy I, ¢1 4 G,
I= Iy 1, Iy Iy . ®= ¢z . VEL = V, . GRA = 2
Ly I, I I ¢3 v, G,
Iy 1, 1; 1y ¢4 V, G,

REA = |:Jll J12 ']13 Jl4 :||:Fx:|
J21 J22 ']23 J24 Fv

7 is the vector of muscle (residual) torque terms, Iis the inertia matrix, VEL is the vector of centripetal
and Coriolis terms, GRA is the vector of gravitational terms, REA is the vector of key-reaction force terms,
and ¢; is joint angle (i = 1: shoulder, 2: elbow, 3: wrist, 4: finger (MP joint)). Each of these terms are
described as follows
Ly=1,+L+1,+I,+mpr’ +m, (ll2 +r22)+ m, (llz +1,’ +r32)+m4 (112 +1,0 417 +r42)
+ 2(myrly +myl L, +m,1L L )cos g, +2 (myryl, +m,l 1, )cos (@, + @, )+ 2 (m,r,1 )cos(p, + ¢, +,)
+2(myrydy +m,L1 )cos gy +2(m,r,L, )cos (¢, + @, )+2 (m,r,l; )cos @,
I,=1,+1,+1, +m,r,” + my (122 +r32)+m4 (122 +l32 +r42)
+(myryl, +myl L, +mL 1, )cos g, + (myrl, +m,L 1, )cos(, + ¢, ) + (myr,l )cos(4, + 6, +,)
+2(m3r3l2 +m4lzl3)cos¢3 +2(m4r412)cos(¢3 +¢4)+2(m4r413)cos¢4
I,=1,+1,+myr," +m, (132 +r42)
+(myrd, +mylL 1 )cos(@, +¢,) + (m,r,1, )cos (g, + ¢, +4,)
+(myrl, +myL15 )cos gy + (myr,1, )cos (b + @, )+2(m,r,1, )cos 4,
1,= 1, +m,r, +(mrl)cos @, +(m,r,l, )cos (¢, + ¢, )+ (m,r,l, )cos(p, + o, +48,)
Ly= L+, +1,+m,r, + m, (lz2 +r32)+m4 (122 +17 +r42)
+(myrl, +myl 1 +myL1, )cos g, + (myrd, +myL 1, )cos(g, + ¢, ) + (myr,0, )cos (4, +4; +4,)
+2(myr,l, +m,L 1, )cos gy +2(m,r,1, )cos (@ + @, )+ 2 (m,r,l; )cos ¢,
1,=1,+1,+1, +m2r22 +m, (122 +r32)+ m, (122 +l32 +r42)+
+ 2(m3r3[2 +m4lzl3)cos @, +2(m4r4]2 )cos (¢3 +¢4)+2(m4r413 )cos @,
Iy= I+, +myr +m, (132 +r42)+ (myryl, +m,L1 )cos g, + (m,r,1, )cos (@, +@, )+2(m,r,L, )cos @,

Ly= Ly +myr” +(myrl, )cos (¢ +¢,)+(m,r,l; )cos g,



Iy= Li+1,+mr +m, (132 +r42)
+(myryl, +myL 1 )eos(@, +@,) + (myrl, )cos (4, + @, +4,)
+(rn3r312 +m,l,l, )cos @, +(m4r4lz)cos (¢3 +¢4)+2(m4r413 )cos &,
L, =1,+1,+m, r32 +m, (132 +r42)
+(myryl, +m L1 )cos g, + (m,r,1, )cos (@ + @, )+2(m,r,l; )cos 4,
L,=1,+1,+myr, +m4(l +7, )+2(m4r4 )cos¢4
I, =1, +m,r, + (m,r,l,)cos g,
141:14—+-m4r42
+ (m4r4[1)cos(¢2 + ¢, +¢4)+(m4r4l3)cos 9, Jr(m4r4l2 )cos (¢3 +¢4)
l,=1,+m, ;’42
+ (myr,1, )cos (g, + @, )+ (m,r,1; )cos g,
Iy=1,+m, r,> +(m,rl)cosg,

144:]4+m4r4

Vi=¢," [(myryd, + myl L, +m L1, )sin g, +(myr,l, +m 11 )sin (¢, + @, )+ (m,r,0, )sin (4, + @5 +4, )]
o [ (myrd, +m,11)sin (g, +@, )+ (m 1, )sin (@, + b +4,)
e [+(m3r312 +m,1,15 )sin @y +(m,r,1, )sin (¢, +4,)
+8," [(myr, 1, )sing, +(mr1, )sin (g + @)+ (m,r 1, )sin (4, + 4, +4,)]
+ by [ 2(myryl, + myl 1y +m,L 1, )sin g, +2 (myryl, +m, L1 )sin(g, + @) + 2(m,r,1, )sin (4, + ¢+, )]
d d [ (myrl, +m L1 )sin g, + 2 (myr,d, +m,L 1, )sin (g, +@; )+ 2 (m,r,1, )s1n(¢3+¢4)}
S +2 m Il sm ¢2+¢3+¢4)
+d, b, [2(m,r,13)sin @, + 2 (m,r,1, )sin (g, + @, )+ 2 (m,r,1,)sin (¢, + &, + ¢, )]
b d { myrly +m 1L )sin g, + 2 (myrl, +m,lL 1 )sin (g, + ¢, )+ 2 (m, 1,1, )51n(¢3+¢4):|
2 +2 m Il sm ¢2+¢3+¢4)
+6, ¢ [2(my 1, )sin g, + 2(m,r 0, )sin (4, + 6, )+ 2(m,rd,)sin (¢, + 4, +4, )]
+¢3¢4[2(m rl; )sm¢4+2(m4r4 ) (¢3+¢4) (m nl, ) (¢z+¢3+¢4)]

V,==@" [(m,rd, +myL 1y +m,1,1, )sin g, +(m,rd, +m,1 1 )sin (¢, + @, )+ (m,r,1, )sin (¢, + ¢, +@, )]
+¢532 [(m3r3l2 +m4lzl3)sin @, +(m4r4lz)sin (¢3 +¢, )]
+¢,7 [(myr,1,)sin g, +(m,r,1, )sin (4, + 4, )]
+¢1 ¢3[ (m rl, +myl,l )sm¢3+2(m4r4 )sm( 3+¢4)]
+¢51 ¢4 [2(m rl, )sm¢4 + Z(m r,l, )sm(qﬁ; +¢4)]
+¢52 ¢53[2(m ryly +myl,l )s1n¢3+ 2(m rl, ) n(¢3+ )]
+q52 ¢4[ (m r,l, )sm¢4 + 2(m r,l, )sm(gﬁ3 +¢4)]
+d, 4, [Z(m )sm o, + 2(m4r4 )sm (¢3 +4, )]



(myrd, +m 113 )sin (@, + @, )+ (m,r,1, )sin (¢, + b, +@, )}
+(myryly +m, L1, )sin g, +(m,r,1, )sin (g, +4,)
—41522 [(m3r312 +m4lzl3)sin @, +(m4r4lz )sin (¢3 +4¢, )]
+q§42 [(m4r4l3)sin ¢4]
— ¢y §, [ 2(myrl, +m, L1, )sin g, +2(m,r,1, )sin (¢, +4,) |
+¢51 ¢f4 [2(m ryl, )sin¢4]
+6, ¢ [2(m,rl; )sin g, ]
+4y 6. [2(mr 1, )sin g,
V- |: (myrl, )sin (g, +, +4,) :|
) b (gt )sing, +(myr,l, )sin (g, +4,)
=, [(marid;)sin g, +(mrd, )sin (¢, +4,)]
=y [(myr,1;)sing, ]
_— ¢2[2(m rl, )sm¢4+2(m4r4 )sin(¢3+¢4)]
_¢1 ¢.53 [2(m4r4 )Sln¢4]
¢ [2(m.r )sing, ]
G o (m,r, +m, L, +myl, +m,l,)cos g, +(m,r, + myl, +m,l, )cos (@, +@, )+ (myr, + m,L, )cos (4, +@, + )
v g|:+(m4r4)cos(¢l+¢2+¢3+¢4) :|

v, :_¢12

G, =— g[(myr, + myl, +m,1, )cos (¢, + @, )+ (myry +m,1, )cos (@, + @, + &, )+ (m,r,)cos(d +, + ¢, +¢,) ]
G, =—g[(myr, +m,1,)cos (¢, + @, + @, )+ (m,r, )cos (¢, + ¢, + &, +4,)]

Gy == g[(mr,)cos (4, +¢, +4, +¢,) ]

Jy =1 sing, +1,sin(@, +¢, )+ sin(¢ + @, + @)+ 1, sin(4 + @, +¢, +,)
o= 1sin(g +¢,)+ 1 sin(p + @, +¢,)+ 1, sin(p + @, + ¢, +4,)

Jyy =L sin(g +¢, +¢,)+1,sin(4 +@, +é +4,)

Jy=1,sin(g +, +¢,+4,)

Jy, =1, cos@ +1, cos(@, + b, )+1, cos(¢ + ¢, + )+ 1, cos(@, +¢, + ¢, +,)
Jyy = 1,cos(p, +¢,)+ 1 cos(¢, + @, +,)+1,cos(p + o, + o, +4,)
Jy,=lcos(g + ¢, +,)+1,cos(p + ¢, + ¢, +,)
Jp=1,cos(d +¢, +d,+4,)

SYMBOLS. /; = moment of inertia about the center of gravity, 7; = distance to center of gravity from proximal
joint of the segment, /; = length, m; = mass (i = 1: upper arm, 2: forearm, 3: hand, 4: finger). The hand was
defined as a portion from the wrist joint center to MP joint center, while the finger was from the MP joint

center to the fingertip. The tangential force was set to nil for simplicity of computation.

We then computed the MUS that removed static component counteracting with gravitational torque (GRA)



from the muscular torque ( t ) in order to determine the dynamic component directly used for limb movement
production (i.e. MUS =7 + GRA).
Forward dynamics computation
Using the value of computed muscular, velocity-dependent, and reaction-force-dependent torques,
joint angular acceleration attributed to these torques can be computed as follows.
O=1"(MUS + VEL + REA)
where, (0} represents angular acceleration produced by individual torque at the shoulder, elbow, wrist, and

finger joint.



