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ANEXO 2

Especificaciones de prétesis de DARPA

Key Sensor Number

. Absolute Position Sensor | 21
Contact Sensor 10
Torque Sensor 14

. Joint Temperature Sensor | 17

. 3-Axis Acclerometer 3

. 3-Axis Force Sensor 3

B | Additional Sensors 41

= Incremental
rotor position
(x17)

» Drive voltage
(x17)

= Upperarm drive
current (x7)

General Specifications

Parameter Value Units
Degrees of Freedom 26 DOF
Motors (Degree of Control} 17 DOC
Onbeoard Motor Controllers Custom Embedded
Onbeard Sensor Conditicning and Digitization Custom Embedded
Mass of Hand and Wrist 2.9 Ibs
Mass of Upper Arm with Battery 7.6 Ibs
Payload Capacity (Wrist Active) 15 Ibs
Payload Capacity (Wrist Static and Upper Arm Active) 35 Ibs
Cylindrical Grasp Force 70 |bf
Two-Jaw Pinch Force 15 Ibf
Three-Jaw Chuck Pinch Force 25 Ibf
Lateral Key-Pinch Force 25 |bf
Upper Arm Joint Speed 120™ degs/s
Wrist Joint Speed 120 deags/s
Hand Open or Close Time 300 ms
Voltage 24 volts
Communications CAN

*through range of motion
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ANEXO 5

Desplazamientos angulares de los 4 GDL tomados de las gréficas de Murray para la
aproximacion de las funciones de movimiento.

Tiempo (s) | gl q2 q3 q4 (Ts';a mpo ql q2 q3 q4
0.00 0.30 0.14 | 0.51 1.35 | 0.52 1.91 0.54 1.37 | 0.26
0.02 0.29 0.14 | 0.49 1.34 | 0.54 1.91 0.54 1.37 | 0.26
0.04 0.31 0.15 | 0.46 1.36 | 0.56 1.94 0.54 1.34 | 0.29
0.06 0.31 0.17 | 0.46 1.40 | 0.58 1.91 0.55 1.30 | 0.36
0.08 0.32 0.18 | 0.44 1.44 | 0.60 1.88 0.56 1.28 | 0.43
0.10 0.34 0.21 | 0.42 1.54 | 0.62 1.84 0.60 1.24 | 0.50
0.12 0.40 0.26 | 0.42 1.60 | 0.64 1.78 0.63 1.15 | 0.66
0.14 0.50 0.33 | 0.42 1.65 | 0.66 1.69 0.64 1.10 | 0.80
0.16 0.64 0.39 |0.44 1.69 | 0.68 1.54 0.68 1.01 | 0.97
0.18 0.83 0.47 | 0.49 1.69 | 0.70 1.43 0.67 0.88 |1.20
0.20 1.01 0.53 | 0.60 1.64 | 0.72 1.28 0.66 0.76 | 1.36
0.22 1.19 0.57 | 0.68 151 | 0.74 1.12 0.62 0.63 | 1.53
0.24 1.42 0.60 | 0.80 1.38 | 0.76 0.96 0.59 0.54 | 1.66
0.26 1.56 0.60 | 0.92 1.22 | 0.78 0.77 0.53 044 |1.71
0.28 1.68 0.58 | 1.04 1.07 | 0.80 0.65 0.47 0.39 |1.73
0.30 1.76 0.58 | 1.13 0.90 |0.82 0.52 0.40 035 |1.71
0.32 1.81 0.55 |1.19 0.71 | 0.84 0.45 0.33 0.35 | 1.66
0.34 1.85 054 |1.24 0.57 | 0.86 0.39 0.29 0.37 | 1.63
0.36 1.90 0.55 |1.28 0.47 | 0.88 0.33 0.24 0.39 | 1.57
0.38 1.90 0.54 |1.30 0.39 |0.90 0.30 0.20 0.42 |1.54
0.40 1.90 054 |1.34 0.35 | 0.92 0.30 0.18 0.44 | 1.48
0.42 1.91 054 |1.34 0.35 |0.94 0.28 0.17 0.46 | 1.42
0.44 1.91 0.54 | 1.36 0.32 | 0.96 0.26 0.16 0.48 | 1.42
0.46 1.91 0.54 | 1.36 0.32 |0.98 0.28 0.15 0.48 | 1.38
0.48 1.91 0.54 | 1.36 0.30 |1.00 0.26 0.15 0.46 | 1.35
0.50 1.91 0.54 | 1.38 0.30
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ANEXO 6

Datos para el modelo. Graficas comparativas de las velocidades calculadas dividiendo
2 valores angulares entre el lapso, empleando la derivada numérica de Lagrange y

optimizando la funcion con el método de los minimos cuadrados en Excel.

VELOCIDAD ANGULAR DE FLEXION HUMERAL VS TIEMPO

y = -2919.4x" + 9475.1x° - 11981x°  7569.2x" - 2523.4x% + 396.15x - 15.538
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VELOCIDAD ANGULAR DE ROTACION LATERAL VS TIEMPO

y = -1141.5x% + 2670.5x° - 2144x* + 795.93x* - 247.65x* + 69.165x - 4.3313
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Datos para el modelo. Graficas comparativas de las aceleraciones calculadas dividiendo
2 valores angulares entre el lapso, empleando la segunda derivada numeérica de
Lagrange. Empleando la primera derivada de Lagrange sobre la funcion derivada por el
mismo método. Optimizacion la funcion con el método de los minimos cuadrados en

Excel.

ACELERACION ANGULAR DE FLEXION HUMERAL VS TIEMPO

y = -124159x% + 374496x° - 435560x* + 244402x - 66880x? + 7685x - 224.91

ACELERACION ANGULAR (RAD/S?

TIEMPO (S)

ACELERACION ANGULAR DE ABDUCCION VS TIEMPO

y = -67520x" + 198151x° - 219248x* + 113007x* - 26890x + 2445.7x - 43.496

ACELERACION ANGULAR (RAD/S?

TIEMPO
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ACELERACION ANGULAR DE ROTACION INTERNA VS TIEMPO

ACELERACION ANGULAR (RAD/S?

——2
—-—n

o 100 o333
— 0l |

y = -42848x5 + 129565x° - 156140x° + 949223 - 29619x% + 4096.3x - 157.03
TIEMPO (S)
ACELERACION ANGULAR DE FLEXION DEL CODO VS TIEMPO

—— 2

ACELERACION ANGULAR (RAD/S?

y=-4777.1x°+ 6421.4x° + 15715x* - 33361x> + 20291x? - 4359.1x + 233,59

TIEMPO (S)
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ANEXO 7

Rutina en Matlab para el modelo cinematico directo mediante matrices de

transformacion segun la convencion Denavit-Hartenberg.

%% CINEMATICADH '
% PARAMETRIZACION DENAVIT-HARTENBERG. CALCULO DE LA MATRIZ JACOBIANA.

syms gl g2 g3 g4

syms L1 L2 L3 L4

syms Llcm L2cm L3cm L4cm
syms Mel Me2 Me3 Me4
syms Mml Mm2 Mm3 Mm4 Mc
syms wl w2 w3 w4

syms al a2 a3 a4

%Se definen las matrices de rotacion y traslacidon para cada eslabdn

Rz01=[cos(gl) -sin(gl) 0 0;sin(gl) cos(gql) 0 0;0 0 1 0;0 O O 1];
Tz01=[1 00 0;01 00;00 1 L1;00 0 1];
Tx01=[1 0 0 0;01 00;0010;000 1];
Rx01=[1 0 0 0;0 0 -1 0;0 1 0 0;0 O O 17;

Rz12=[cos(g2) -sin(g2) 0 0;sin(g2) cos(g2) 0 0;0 0 1 0;0 O O 1];
Tz12=[1 0 0 L2;0 1 0 0;0 0 1 0;0 O O 1];
Tx12=[1 0 0 0;01 0 0;00 1 0;0 O O 1];
Rx12=[1 0 0 0;0 0 -1 0;0 1 0 0;0 O O 1];

Rz23=[cos(g3) -sin(g3) 0 0;sin(g3) cos(g3) 0 0;0 0 1 0;0 0 O 1];
Tz23=[1 00 0;01 0 0;00 11L3;000 1];
Tx23=[1 0 0 0;01 0 0;00 1 0;0 00 1];
Rx23=[1 0 0 0;0 0 -1 0;0 1 0 0;0 O O 1];

Rz34=[cos(g4) -sin(g4) 0 0;sin(g4) cos(g4) 0 0;0 0 1 0;0 O O 1];
Tz34=[1 00 0;01 00;0010;000 1];
Tx34=[1 0 0 L4;01 00;00 1 0;000 1];
Rx34=[1 0 0 0;0 0 -1 0;0 1 0 0;0 O O 17];

HO1=Rz01*Tz01*Tx01*Rx01;
H12=Rz12*Tz12*Tx12*Rx12;
H23=Rz23*Tz23*Tx23*Rx23;
H34=Rz34*Tz34*Tx34*Rx34;

%De la multiplicacién de las matrices se obtiene la matriz de
%transformacion de todo el mecanismo.

HO2=HO1*H12;
HO3=HO1*H12*H23;
HO4=HO1*H12*H23*H34 ;

%Se obtiene la matriz jacobiana.

J= jacobian([H04(1,4), HO4(2,4), H04(3,4), 0],.[9l g2 g3 g4]);
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ANEXO 8

Rutina en Matlab para el modelo cinético inverso mediante el algoritmo de Uicker.

%% MODELO DINAMICO INVERSO: FORMULACION DE LAGRANGE

%Inicio del algoritmo de Uicker para la obtencién del modelo dinamico

de

%Lagrange. Se hallan las matrices Uij a partir de las derivadas de las
Y%matrices respecto de cada una del angulo de las junturas gl, g2, g3,

q4.

CinematicaDH;

U11l=diff(HO1,ql);
U12=diff(HO1,q2);
U13=diff(HO1,q3);
Ul4=diff(HO1,q4);

U21=diff(HO2,ql);
U22=diff(H02,q2);
U23=diff(H02,q3);
U24=diff(HO02,q4);

U31=difF(HO3,ql);
U32=difF(H03,q2);
U33=difF(H03,q3);
U34=difF(HO03,q4);

U41=difF(HO4,q1);
U42=difF(H04,q2);
U43=difF(H04,qg3);
U44=diFF(H04,q4);

%0btencidn de las matrices Uijk a partir de Uli

U111=diff(U11,ql);
U112=diff(U11,q2);
U113=diff(U11,q3);
U114=diff(U11,q4);

U121=diff(U12,q1);
U122=diff(U12,q2);
U123=diff(U12,q3);
U124=diff(U12,q4);

U131=diff(U13,ql);
U132=diff(U13,q2);
U133=diff(U13,q3);
U134=diff(U13,q4);

U141=diff(U14,ql);
U142=diff(U14,q2);
U143=diff(U14,q3);
U144=diff(U14,q4);
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%0btencion de las matrices Uijk a partir de U2i

U211=diff(U21,ql);
U212=diff(U21,02);
U213=diff(U21,q3);
U214=diff(U21,q4);

U221=diff(U22,q1);
U222=diFF(U22,02);
U223=diff(U22,q3);
U224=diFF(U22,q4);

U231=diff(U23,q1);
U232=diFF(U23,02);
U233=diFF(U23,q3);
U234=diFF(U23,q4);

U241=diff(U24,q1);
U242=diFF(U24,q2);
U243=difF(U24,q3);
U244=diFF(U24,q4) ;

%O0btencion de las matrices Uijk a partir de U3i

U311=diff(U31,ql);
U312=diff(U31,q2);
U313=diff(U31,q3);
U314=diff(U31,q4);

U321=diff(U32,q1);
U322=diFF(U32,02);
U323=diff(U32,03);
U324=difF(U32,q4);

U331=diff(U33,ql);
U332=difF(U33,02);
U333=diff(U33,q3);
U334=difF(U33,q4);

U341=diff(U34,ql);
U342=diFF(U34,q2);
U343=difF(U34,q3);
U344=difF(U34,q4);

%O0btencidén de las matrices Uijk a partir de U4i

U411=diff(U41,ql);
U412=diff(U41,q2);
U413=diff(U41,q3);
U414=diff(U41,q4);

U421=diff(U42,ql);
U422=diff(U42,q2);
U423=diff(U42,q3);
U424=difF(U42,q4);

U431=diff(U43,ql);
U432=diFF(U43,02);
U433=difF(U43,q3);
U434=diFF(U43,q4);
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U441=diff(U44,ql);
U442=diff(U44,q2);
U443=diff(U44,q3);
U444=diff(U44,q4);

%se definen las matrices de pseudoinercia.

Llcm=0; %Mel*L1/(2*(Mel+Mm2));
L2cm=0; %Me2*L2/(2*(Me2+Mm3));
L3cm=Me3*L3/ (2*(Me3+Mm4));
L4cm=Med*L4/(2*(Med+Mc)) ;

J1=[0 0 O O0; O Mel1*(L1/2)"2 O -Mel*L1/2; O O O O; O -Mel*L1/2 O
Mel+Mm2] ;
J2=[0 0 0 0; O O O O; O O Me2*(L2/2)"2 -Me2*L2/2; O O -Me2*L2/2
Me2+Mm3] ;
J3=[0 0 O O0; O Me3*(L3/2)"2 0O -Me3*L3/2; 0 0 O O; O -Me3*L3/2 O
Me3+Mm4] ;
J4=[Med*(L4/2)"2 0 O -Med4*L4/2; 0 0 0 O; O O O O;-Me4*L4/2 0 O
Med+Mc] ;

%Se definen los términos de la matriz de inercias

D(1,1)=trace(U11*J1*(U11*"))+trace(U21*J2*(U21"))+trace(U31*J3*(U31"))+
trace(U41*J4*(U41%));
D(1,2)=trace(U22*J2*(U21"))+trace(U32*33*(U31"))+trace(U42*J4*(U41"));
D(1,3)=trace(U33*J3*(U31"))+trace(U43*34*(U41"));
D(1,4)=trace(U44*J4*(U41%));
D(2,1)=trace(U21*J2*(U22"))+trace(U31*J3*(U32"))+trace(U41*34*(U42"));
D(2,2)=trace(U22*J2*(U22"))+trace(U32*J3*(U32"))+trace(U42*34*(U42"));
D(2,3)=trace(U33*J3*(U32"))+trace(U43*J4*(U42%));
D(2,4)=trace(U44*J4*(U42%));
D(3,1)=trace(U31*J3*(U33"))+trace(U41*J4*(U43"));
D(3,2)=trace(U32*J3*(U33"))+trace(U42*J4*(U43"));
D(3,3)=trace(U33*J33*(U33"))+trace(U43*J4*(U43"));
D(3,4)=trace(U44*J4*(U43"));

D(4,1)=trace(U41*J4*(U44%));

D(4,2)=trace(U42*J4*(U44%));

D(4,3)=trace(U43*J4*(U44"));

D(4,4)=trace(U44*J4*(U44"));

% Términos hikm (representan el efecto del movimiento del movimiento
% relativo entre el eslabén k y m sobre el actuador i

hlll=trace(U111*J1*(U11"))+ trace(U211*J2*(U21"))+
trace(U311*J33*(U31"))+trace(U411*J4*(U41"));
hll2=trace(U212*J2*(U21"))+trace(U312*33*(U31"))+trace(U412*J4*(U41%))

h113=trace(U313*J3*(U31"))+trace(U413*J4*(U41"));
h1l4=trace(U414*J4*(U41"));

hl2l=trace(U221*J2*(U21"))+trace(U321*33*(U31"))+trace(U421*J4*(U41%))

ﬁlzzztrace(U222*J2*(U21'))+trace(U322*J3*(U31'))+trace(U422*J4*(U41'))
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h123=trace(U323*J3*(U31"))+trace(U423*J4*(U41"));
h124=trace(U424*J4*(U41"));

h131=trace(U331*J3*(U31"))+trace(U431*J4*(U41"));
h132=trace(U332*J3*(U31"))+trace(U432*J4*(U41"));
h133=trace(U333*J3*(U31"))+trace(U433*J4*(U41"));
h134=trace(U434*J4*(U41"));

h14l=trace(U441*J4*(U41"));
h142=trace(U442*J4*(U41")):
h143=trace(U443*J4*(U41")):
h144=trace(U444*J4*(U41")):

h211=trace(U211*J2*(U22"))+trace(U311*J3*(U32"))+trace(U411*J4*(U42"))

h212=trace(U212*J2*(U22"))+trace(U412+J3*(U32")) +trace (U412*J4*(U42"))

h213=trace(U313*J3*(U22"))+trace(U413*J4*(U42"));
h214=trace(U414*J4*(U42"));

h221=trace(U221*J2*(U22"))+trace(U321*J3*(U32"))+trace(U421*J4*(U42"))

h222=trace(U222*32*(U22"))+trace(U322*J3*(U32")) +trace (U422+14*(U42"))

h223=trace(U323*J3*(U32"))+trace(U423*J4*(U42"));
h224=trace(U424*J4*(U42"));

h231=trace(U331*J3*(U32"))+trace(U431*J4*(U42"));
h232=trace(U332*J3*(U32"))+trace(U432*J4*(U42"%));
h233=trace(U333*J3*(U32"))+trace(U433*3J4*(U42"));
h234=trace(U434*J4*(U42%));

h241=trace(U441*J4*(U42"));
h242=trace(U442*J4*(U42"));
h243=trace(U443*J4*(U42"));
h244=trace(U444*J4*(U42")):

h31l=trace(U311*J3*(U33"))+trace(U411*J4*(U43"));
h312=trace(U312*J3*(U33"))+trace(U412*J4*(U43"));
h313=trace(U313*J3*(U33"))+trace(U413*34*(U43"));
h31l4=trace(U414*J4*(U43%));

h321=trace(U321*J3*(U33"))+trace(U421*34*(U43"));
h322=trace(U322*J3*(U33"))+trace(U422*34*(U43"));
h323=trace(U323*J3*(U33"))+trace(U423*34*(U43"));
h324=trace(U424*J4*(U43"%));

h331=trace(U331*J3*(U33"))+trace(U431*34*(U43"));
h332=trace(U332*J3*(U33"))+trace(U432*34*(U43"));
h333=trace(U333*J3*(U33"))+trace(U433*34*(U43"));
h334=trace(U434*J4*(U43"));

h341=trace(U341*J3*(U33"))+trace(U441*J4*(U43"));
h342=trace(U342*J3*(U33"))+trace(U442*34*(U43"));
h343=trace(U343*J3*(U33"))+trace(U443*34*(U43"));
h344=trace(U444*J4*(U43"));
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h41ll=trace(U411*J4*(U44"));
h412=trace(U412*J4*(U44"));
h413=trace(U413*J4*(U44"));
h4l4=trace(U414*J4*(U44"));

h421=trace(U421*J4*(U44"));
h422=trace(U422*J4*(U44"));
h423=trace(U423*J4*(U44"));
h424=trace(U424*J4*(U44"));

h431=trace(U431*J4*(U44"));
h432=trace(U432*J4*(U44"));
h433=trace(U433*J4*(U44"));
h434=trace(U434*J4*(U44"));

h441=trace(U441*J4*(U44"));
h442=trace(U442*J4*(U44"));
h443=trace(U443*J4*(U44"));
h444=trace(U444*J4*(U44"));

%Se calcula la matriz de fuerzas centripetas y de coriolis

H(1,1)=
h111*wl*wl+h112*wl*w2+h113*wl*w3+h114*wl*w4+h121*w2*wl+h122*w2*w2+h123
*W2*w3+h124*w2*w4+h131*w3*wl+h132*w3*w2+h133*w3*w3+h134*w3*w4+h141*w4>*
wl+h142*w4*w2+h143*w4*w3+h144*w4*w4 ;

H(2,1)=
h211*wl1*wl+h212*wl1*w2+h213*wl*w3+h214*wl1*w4+h221*w2*wl+h222*w2*w2+h223
*Ww2*w3+h224*w2*w4+h231*w3*wl+h232*w3*w2+h233*w3*w3+h234*w3*w4+h241*w4*
wl+h242*w4*w2+h243*w4*w3+h244*w4*w4 ;

H(3,1)=
h311*wl*wl+h312*wl1*w2+h313*wl*w3+h314*wl1*w4+h321*w2*wl+h322*w2*w2+h323
*Ww2*w3+h324*w2*w4+h331*w3*wl1+h332*w3*w2+h333*w3*w3+h334*w3*w4+h341*w4*
wl+h342*w4*w2+h343*w4*w3+h344*w4*w4 ;

H(4,1)=
h411*wl1*wl+h412*wl*w2+h413*wl1*w3+h414*wl*w4+h421*w2*wl+h422*w2*w2+h423
*w2*w3+h424*w2*w4+h431*w3*wl+h432*w3*w2+h433*w3*w3+h434*w3*w4+h441*w4*
wl+h442*w4*w2+h443*wa*w3+h444*w4*w4 ;

%Se obtiene la matriz de fuerzas de gravedad definiendo las distancias
a los centros de masa y el vector gravedad en SO

G=[0 9.81 0 0];

%calculo del centro de masa de cada eslabdn en funcidén del peso de los
%actuadores y la carga externa que se sostiene en la muieca.

ri11=[0; -Licm; O; 1];
r22=[0; 0; -L2cm; 1];
r33=[0; -L3cm; 0; 1];
r44=[-L4cm; 0; 0; 1];
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C(1,1)=-(Mel+Mm2)*G*U11*r11-(Me2+Mm3)*G*U21*r22-(Me3+Mnd)*G*U31*r33-
(Med+Mc)*G*U41*ra4;
C(2,1)=-(Mel+Mm2)*G*U12*r11-(Me2+Mm3)*G*U22*r22- (Me3+Mnd)*G*U32*r33-
(Med+Mc)*G*U42*ra4 ;
C(3,1)=-(Mel+Mm2)*G*U13*r11-(Me2+Mm3)*G*U23*r22-(Me3+Mnd)*G*U33*r33-
(Med+Mc)*G*U43*ra4;
C(4,1)=-(Mel+Mm2)*G*U14*r11-(Me2+Mm3)*G*U24*r22- (Me3+Mnd)*G*U34*r33-
(Med+Mc)*G*U44*ra4 ;

Q=[al1 a2 a3 a4]";

% Se halla el torque motor en cada junta mediante la multiplicaciodn:
T=D*Q+H+C;

%Los valores de los angulos, velocidades y aceleraciones obtenidos por
la

%cinematica inversa a través de software de video por Murray (1996) se
%ingresan con el archivo "angulos™ al programa.

angulos;

%Los parametros del modelo son los siguientes: Se deben reemplazar
segun el disefio que se desee simumlar.

ql=thl-pi/2;

g2=-th2-pi/2;

q3=-th3-pi/2;

gq4=th4-pi/2;

L1=0;
L2=0;
L3=0.305;
L4=0.239;

Mel=0;
Me2=0;
Me3=1.686;
Me4=0.963;

% %parametros alternativos de prueba
% L1=0;

% L2=0;

% L3=0.33;

% L4=0.25;

%

% Mel=0;

% Me2=0;

% Me3=2.1;

% Med=1.2;

Mm1=0;
Mm2=0;
Mm3=0;
Mm4=0;
Mc=0;
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Licm=0; %Mel*L1/(2*(Mel+Mm2));
L2cm=0; %Me2*L2/(2*(Me2+Mm3));
L3cm=Me3*L3/(2*(Me3+Mm4)) ;
L4cm=Med*L4/(2*(Med+Mc)) ;

% T1l=eval (T(1,1))";
% T21=eval (T(2,1))";
% T31=eval (T(3,1))";
% T4l=eval (T(4,1))";
%

% Mc=0.5;

% T12=eval (T(1,1))";
% T22=eval (T(2,1))";
% T32=eval (T(3,1))";
% T42=eval (T(4,1))";

% Mc=1;
% T13=eval (T(1,1))";
% T23=eval (T(2,1))";
% T33=eval (T(3,1))";
% T43=eval (T(4,1))";

% Mc=1.5;
% Tl4=eval (T(1,1))"
% T24=eval (T(2,1))"
% T34=eval (T(3,1))"
% T44=eval (T(4,1))";

%% Graficas

wGraficas de T1
% plot(t,T11, k")
% hold on

% plot(t,T12,"b")
% hold on

% plot(t,T13,°g")
% hold on

% plot(t,T14,%r")
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ANEXO 9

Rutina de calculo de verificaciéon en Matlab.

%Los valores de los angulos es calculado por interpoladores
polindmicos,del cual se obtienen las derivadas.
t = 0:0.01:1;

tf = 1;

thf = pi/2;

%Coeficientes del polinomio interpolador de la trayectoria.
a00 = 0;

a0l = 0;

a02 = (B/tf"2)*(thf)

a03 = -(2/tf"3)*(thf)

%Variables angulares, thi wi ai son el angulo, la velocidad y la
aceleracion de la articulacion i.

thl = a00 + a0l1*t + a02*t.”2 + a03*t."3;
th2 = 0;

th3 = 0;

th4 = 0;

wl = a0l + 2*a02*t + 3*a03*t."2;
w2 = 0;

w3 = 0;

w4 = 0;

al = 2*a02 + 6*a03*t;

a2 = 0;

a3 = 0;

a4 = 0;

%Luego debe reemplazarse la ecuacion de trayectoria para th4, y asignar
valores nulos para las variables referidas a ql (thil, wl, al)

%Definicion de las variables angulares:

t = 0.5;

tf = 1;

thf = pi/2;

a00 = 0;

a0l = 0;

a02 = (3/tf*2)*(thf);
a03 = -2/tf"3)*(thf);

th = a00 + a01*t + a02*t”"2 + a03*t"3;

w = a0l + 2*a02*t + 3*a03*t"2;

a = 2*a02 + 6*a03*t;

%Definicion de los parametros fisicos:
L1 = 0.305;

L4 = 0.239;

ml = 1.686;

m4 = 0.963;

g = 9.81;

%Ecuaciones cinéticas (Flexion pura del hombro):

R4y = ma*((L1+L4/2)*a*sin(th)+w 2*(L1+L4/2)*cos(th))+m4*g;

R4x = m4*((L1+L4/2)*a*cos(th)-w 2*(L1+L4/2)*sin(th));

T4 = m4*(LaN2/4)*a+ma*g*(L4/2)*sin(th)

T1 = m1*(L1N2/4)*a+ml*g*(L1/2)*sin(th) +T4+R4x*L1*cos(th)+R4y*L1*sin(th)
%Ecuaciones cinéticas (Flexion pura del codo):

Rcay = ma*((L4/2)*a*sin(th)+w 2*(L4/2)*cos(th))+md*qg;

Rcax = m4*((L4/2)*a*cos(th)-wr2*(L4/2)*sin(th));

Tca = ma*(L4"2/4)*a+ma*g*(L4/2)*sin(th)

Tcl = Tc4+Rcax*L1

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




e PONTIFICIA
TESIS PUCP ggl_:_\éeag?no

Lz PERU

ANEXO 10

Funciones aproximadas de las variables angulares obtenidas con “Curve fitting” de
Matlab

%% SERIES DE FOURIER
% Desarrollo de las series de Fourier para aproximar una funcién a la curva
% de puntos tomada de las graficas de Murray.

syms x %Se declara esta variable para obtener las derivadas.

%Flexion del hombro

al0o = 1.025;

all = -0.797; bll = 0.5284;
al2 = 0.03627; b12 = -0.1073;
al3 = -0.02566; b13 = -0.1643;
ald = 0.04682; b14 = 0.01619;
al5 = 0.02514; bl5 = 0.007741;
alé = -0.003489; b16 = 0.01017;
al7 = -0.008758; bl7 = 0.004628;
wll = 2.684;

thl = al0 + all*cos(x*wll) + bll*sin(x*wll) + al2*cos(2*x*wll) +
b12*sin(2*x*w11l) + al3*cos(3*x*wll) + b13*sin(3*x*wll) + ald*cos(4*x*wll) +
bl4*sin(4*x*w1l) + al5*cos(5*x*wll) + bl5*sin(5*x*wll) + al6*cos(6*x*wll) +
b16*sin(6*x*wll) + al7*cos(7*x*wll) + bl7*sin(7*x*wll);

wl=diff(thl,x);

al=diff(wl,x);

%Abduccion del hombro

a20 = 0.4443;

a2l = -0.2058; b21 = -0.007504;
a22 = -0.1295; b22 = 0.02915;
a23 = 0.008333; b23 = -0.0007099;
a24 = 0.02751; b24 = -0.02259;
a25 = 0.005542; b25 = 0.002176;
a26 = 3.372e-06; b26 = 0.004184;
a27 = -0.002493; b27 = -0.0008603;
a28 = -0.001174; b28 = 0.0007904;
w22 = 3.131;

th2 = a20 + a2l*cos(x*w22) + b2l*sin(x*w22) + a22*cos(2*x*w22) +
b22*sin(2*x*w22) + a23*cos(3*x*w22) + b23*sin(3*x*w22) + a24*cos(4*x*w22) +
b24*sin(4*x*w22) + a25*cos(5*x*w22) + b25*sin(5*x*w22) + a26*cos(6*x*w22) +
b26*sin(6*x*w22) + a27*cos(7*x*w22) + b27*sin(7*x*w22) + a28*cos(8*x*w22) +
b28*sin(8*x*w22);

w2=diff(th2,x);

az=diff(w2,x);

%Rotacion interna del hombro

a30 = -28.9;

a3l = -3.772; b31 = 55.04;
a32 = 42.84; b32 = 5.981;
a33 = 6.133; b33 = -28.79;
a34 = -15.67; b34 = -4.57;
a35 = -2.563; b35 = 6.743;
a36 = 2.193; b36 = 1.044;
a37 = 0.2335; b37 = -0.3901;
w33 = 1.703;
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th3 = a30 + a3l*cos(x*w33) + b31*sin(x*w33) + a32*cos(2*x*w33) +
b32*sin(2*x*w33) + a33*cos(3*x*w33) + b33*sin(3*x*w33) + a34*cos(4*x*w33) +
b34*sin(4*x*w33) + a35*cos(5*x*w33) + b35*sin(5*x*w33) + a36*cos(6*x*w33) +
b36*sin(6*x*w33) + a37*cos(7*x*w33) + b37*sin(7*x*w33);

w3=diff(th3,x);

a3=diff(w3,x);

%Flexion de codo

a40 = 1.09;

a4l = 0.6519; b41 = -0.1051;
a42 = -0.3209; b42 = 0.0562;

a43 = -0.129; b43 = 0.05011;
a44 = 0.04826; b44 = -0.04455;
a45 = 0.007206; b45 = -0.01254;
a46 = -0.006293; b46 = -0.006867;
a47 = 0.007019; b47 = 0.007691;
a48 = -9.983e-05; b48 = -0.0004323;
w44 = 3.11;

th4 = a40 + a4l*cos(x*w44) + b4l*sin(x*w44) + ad2*cos(2*x*w44) +
b42*sin(2*x*w44) + a43*cos(3*x*w44) + b43*sin(3*x*w44) + add*cos(4*x*wid) +
b44*sin(4*x*w44) + ad5*cos(5*x*w44) + ba5*sin(5*x*w44) + ad6*cos(6*x*wid) +
b46*sin(6*x*w44) + ad7*cos(7*x*w44) + b4a7*sin(7*x*w44) + ad8*cos(8*x*w4d) +
b48*sin(8*x*w44) ;

wa=diff(th4,x);

ad=diff(w4d,x);

%Se evaluan todos los angulos para la obtencidon de las matrices.
t=0:0.01:2;
xX=t;

thl=eval (thl); wl=eval(wl); al=eval(al);
th2=eval (th2); w2=eval(w2); a2=eval(a2);
th3=eval (th3); w3=eval(w3); a3=eval(a3);
th4=eval (th4); wid=eval(w4); ad=eval(ad);
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