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APPENDIX A

Engineering Drawings of 6-REXOS

Figure A-1: Components of 6-REXOS

Tablewst: Description of demponents used in 6-REXOS

item Component
1 Wrist swing plate
2 Supination fixed guide
3 Back end support
4 Circular sliding plate
5 L-shape connecting link
6 Wrist L-shape part
7 Ulnar-radial bottom link
8 Forearm custom spur gear
9 Bolt-wrist top plate
10 Wrist bottom arm rest
11 Motor support plate
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APPENDIX B

Matlab / Robotic Toolbox functions for 4DOF, 6-REXOS and Hand
model

1. Defining 4DOF kinematic chain in RTB
L1=Link([0 163.74 0 0 ],'modified");
L2=Link([0 321.01 0 -pi/2 ],'modified");
L3=Link([0 035.87 0 -pi/2 ],'modified");
L4=Link([0 0 5 -p1/2 ],'modified");
robot.base=trotx(90,'deg');
robot.base=troty(90,'deg');
robot=SerialLink([L1 L2 L3 L4]);

2. Defining 6-REXOS kinematic chain in RTB
L1=Link([0 0 0 0 1],'modified");
L2=Link([0 163.74 0 0 0],'modified");
L3=Link([0 321.01 0 -pi/2 0],'modified");
L4=Link([0 35.87 0 -p1/2 0],'modified");
L5=Link([0 0 5 -p1/2 1],'modified");
L6=Link([0 0 0 0 0],'modified");
robot.base=trotx(90,'deg")
robogzbase=traty(90,'deg')

10[)%{:3361 ialLink([L1 L2 L3 L4 LS 1L6]);

3. Defining htiman Tower drin Kitiematic model in RTB
L1=Link([0 0 0 0],'modified");
L2=Link([0 0 250 -p1/2],'modified");
L3=Link([0 0.646 1.5 p1/2],'modified");
L4=Link([0 0 8 pi/2],'modified");
robot.base=troty(90,'deg');
robot.base=trotx(90,'deg');
robot=SerialLink([L1 L2 L3 L4]);

4. Joint trajectory generation
qi and gf refer to the initial and final joint configurations and divide the
trajectory to 20 sample points
q=jtraj(qi,qf,20);
robot.plot(q);

5. Forward transformation matrix for all 20 steps in joint trajectory
T=robot.fkine(q);
X=squeeze(T(1,4,:));
Y=squeeze(T(2,4,:));
Z=squeeze(T(3,4,:));
plot3(X,Y,Z);
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6. Forward transformation: symbolical evaluation_4DOF exoskeleton chain
symscl sl c2s2c3s3c4s4L1L21L3 a3
tol=[c1s100;-s1c100;001L1;0001];
t12=[c2s200;001L2;s2c200;000 1];
t23=[c3-s300;001L3;-s3-¢c300;000 1];
t34=[c4-s40a3;0010;-s4-c400,0001];
t04=to1*t12*t23*t34;

7. Forward transformation: symbolical evaluation_6-REXOS exoskeleton chain
syms c2s2 c3s3c4s4c6s6dl dSL1 L2 L3 a3
t01=[1000;0100;001d1;000 17;
t12=[c2s200;-s2¢c200;001L1;000 1];
t23=[c3s300;001L2;s3-c300;0001];
t34=[c4s400;001L3;s4-c400;0001];
t45=[100a3;011d5;0-100,000 1];
t56=[c6-s6 00;s6c600;0010;000 1];
t06=t01*t12*t23*t34*t45*t56;

8. Jacobian (symbolic) 4DOF exoskeleton robot
J=[L2*c1-a3*(c1*s3+c2*c3*s1)-L3*s2*s1 -a3*cl1*c3*s2+L3*cl*c2 -
a3*(s1*c3+cl*c2*s3) 0; -L2*s1-a3*(c2*c3*c1-s3*s1)-L3*c1*s2

aPKAVKQTHD T V¥ 1%0) _aF (1R, 0%l %)Y N ) aRKA%AD L3*S2 _
0.3 0.sl.c1*s2 slecl *c2%*s3; L -81%s2 ¢2 3-c1*¢3;10c2
b <l
[/
ityeh

e

9. Jacobian (symbolic) 6-REXOS exoskeleton robot
J=[0 L2*c2+a3*(c2*s4-s2*c3*c4)-d5*(cd*c2+s2*c3*s4)-L3*c2*s3 -
a3*c2*s3*c4-d5*c2*s3*s4+L3*c2*c3 a3*(s2*c4-
c2*c3*s4)+d5*(s4*s2+c2*c3*c4) c2*c3*sd-c4*s2 0; 0 -L2*s2-
a3*(s2*s4+c3*c4*c2)-d5*(c3*c2*s4-s2%c4)-L3*c2*s3
a3*s3*c4*s2+d5*s3*s2%s4-L.3*s2*c3 a3*(c2*c4+c3*s4*s2)-d5*(c3*s2*c4-
c2*s4) -c2*c4-c3*s2*s4 0; 1 0 L1*s3+a3*c4*c3+d5*c3*s4 d5*s3*c4-
a3*s4%*s3 s3*%s4 0; 0 0 s2 ¢2*s3 0 c2*c3*s4-c4*s2; 0 0 c2 -s2*s3 0 -c2*c4-
c3*s2*s4; 01 0 -c3 0 s3*s4];
J(4:5,)=1;
JG D=L
JEA=;
det(J);

10. Evaluation of Jacobian at each joint step (in RTB)
J=robot.jacob0(q(1,:))
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J=robot.jacob0(q(2,:))
J=robot.jacob0(q(3,:))

J=robot.jacob0(q(20,:))

11. Manipulability index measure
J=robot.jacob0(q(1,:));
J=J(1:3,);

Js
sqrt(J*J);

J=robot.jacob0(q(2,:));
J=J(1:3,);

J’;

sqrt(J*J”)

J=robot.jacob0(q(20,:));
J=J(1:3,);

J’;

sqrt(J*J*)

12. Singula{}alues of Jacobian
J=rebatjacobb(gell J);
J=lig3s);
svd(J);
J=robot.jacob0(q(2,:));
J=J(1:3,);
svd(J);

J=robot.jacob0(q(20,:));
J=J(1:3,);
svd(J);

13. Condition number for translational Jacobian
J=robot.jacob0(q(1,:));
J=J(1:3,);
cond(J);
J=robot.jacob0(q(2,:));
J=J(1:3,);
cond(J);

J=robot.jacob0(q(20,:));
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J=J(1:3,:);
cond(J);

14. Manipulability ellipsoids
J=robot.jacob0(q(1,:));
J=J(1:3,);
plot_ellipse(J*J');
view(-60,20);
J=robot.jacob0(q(2,:));
J=J(1:3,);
plot_ellipse(J*J');
view(-60,20);

J=robot.jacob0(q(20,:));
J=J(1:3,);
plot_ellipse(J*J');
view(-60,20);

15. Manipulability index in entire workspace_4DOF exoskeleton robot
1.2=321.01;
L3=35.87;
a3=5;
q2=linspace(p1/3,p1/6,50);
q3=kRspace(=p1/6,pi/6,50);
[q2,g§zmeshgrid(q2.q3):
Z=E2#3* a3 sim(qR5* enstadl
surfc((Z));

16. Manipulability index in entire workspace_6-REXOS exoskeleton robot
L3=35.87,
L1=163.74;
L2=321.01;
q3=linspace(-p1/3,p1/6,50);
g4=linspace(-p1/6,pi/6,50);
[q3,94]=meshgrid(q3,q4);
z=L2.*sin(2*q4)-0.5*L3.*sin(2*q3).*cos(q4)"2;
surfc(z);

17. Evaluation of motor torques for 6-REXOS
Link mass
L1.m=.016;
L2.m=.6;
L3.m=1.339;
L4.m=0.5437,
L5.m=0.019;
L6.m=0.016;
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Link centre of mass position
L1.r=[-0.01 0 -15.28];
L2.r=[80.30 -0.28 82.19];
L3.r=[-24.65 52.79 179.97];
L4.r=[-23.56 -28.08 6.01];
L5.r=[1.48 -27.13 -43.96];
L6.r=[0.28 0.52 10.26];

Moment of inertia about centre of mass

L1.1=[1.09 1.09 0.41 0.0 0.0 0.0];

L2.1=[3979.73 2866.28 2230.37 -1.48 -56.62 526.63];
L3.1=[7023.3 7422.82 1810.47 84.41 -96.64 -27.49];
L4.1=[937.6 775.01 356.87 0.78 -59.41 8.03];
L5.1=[386.97 348.15 178.89 9.57 -14.0 14.60];
L6.1=[1.09 1.09 0.41 0.0 0.03 0.02];

Inverse dynamics
grav=[0 0 9.81]";
tau_g=robot.rne(q,qd,qdd,grav);

plot(q(:,1).tau_g(:,1));
plot(q(:,2),tau_g(:,2));
plot(q(:ﬁ )tan; g(:,3));
plojead),tau_g(:,4));

Eva.; _c;icion otfiagogleldtions-atgadhi;joint (based on Walker and Orion method)
qdd=robot.accel(q,qd,tau_g);
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APPENDIX C

Table C-1: Numerical description for figures

Fig 5.7 Manipulability variation for different wrist

Joint M;:igp'lﬁ'alb‘:iity Miniljsliﬁ'slig@lar Fig.4.17: Condition Manilljilgléii?ity of parameters
Position of 6-REXOS value 6-REXOS number,6 REXOS hand model Hand minimum | Hand average | Hand maximum
1 15910.69 1.54 209.07 16900.26 16392.16 16900.26 17408.66
2 15917.73 1.55 208.75 16867.96 16361.16 16867.96 17375.06
3 15957.69 1.56 206.73 16659.35 16160.86 16659.35 17158.16
4 16019.92 1.60 202.18 16131.19 15653.05 16131.18 16609.66
5 16011.59 - 1.65 195.33 15149.17 14706.83 15149.17 15591.87
6 1574220 el 1.72 183734 1Pev4E3 313927 13578.33 13967.76
7 14954.82; JETAE | 1.79 179-99 11305.48 10987,90 11305.48 11623.41
8 13413.20 -j 1.84 ¥74:75 8287.36 805855 8287.36 8516.47
9 1102393 e,  1.86 17298 4601.40 4475 81 4601.40 4727.15
10 7935.18 1.83 175.75 467.65 454.93 468.65 480.40
11 4540.87 1.74 184.00 3504.08 3504.09 3504.07 3507.23
12 1392.04 1.80 178.62 6651.18 6651.21 6651.18 6657.17
13 1390.34 1.94 164.78 7867.95 7867.98 7867.94 7875.03
14 4698.68 1.90 168.37 8767.35 8767.39 8767.35 8775.24
15 6281.50 1.85 172.78 9084.12 9084.17 9084.12 9092.30
16 7116.63 1.81 176.97 9461.54 9461.59 9461.55 9470.06
17 7531.65 1.77 180.32 9854.77 9854.82 9854.77 9863.64
18 7729.88 1.75 182.45 9978.86 9978.91 9978.86 9987.84
19 7805.85 1.74 183.37 10256.07 10256.12 10256.07 10265.30
20 7817.59 1.74 183.52 103355.75 10355.79 10355.74 10365.07






