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RSUR Geometric Method 2,

A =revolute R B =spherical S C=universalU  D=revolute R = =7

a=0OA = ground (20.43 cm)

b = AB = input crank (4.00 cm)
in y-z plane

¢ = CD = follower (10.00 cm)
in x-y plane

d =0D = ground (19.97 cm)

e = BC = coupler (30.42 cm)

0 = crank angle in y-z plane

¢ = follower angle in x-y plane

Position solution - given 6, find ¢

Xz =0 yg = bSO zy, =a—bCo X =d+cCod Yo =¢S¢ z. =0
/‘\——-._,_____________,.-—-—-——-/-\___/;

(XB _Xc)2 +(YB _YC)2 +(ZB _ZC)2 =¢’

(=d—cCo) + (bSO —cSo) +(a—bCOY =¢?
d” +2cdCd + c’C’p + b°S’0 — 2bcSOSH + c’Sd”> +a° — 2abCO + b*C*O = ¢’

+2¢dCd —2bcSOSp =e* —a’* —b* —c* —d’* +2abCo

f=2cd g=2bcSO  h=e’—-a’-b>—c’—d’+2abCo é]ﬁ
— i —_—
& . le
fonfe-N
1-u’ 2u lg
= = To= A
1+u’ 1+u’ ¢ 1-u’ \(\
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1-u’ 2u
f[l+u2j_g(l+u2j:h f —fu® —2gu=h+hu’

fe
(b £ + g+ (1—1)=0 Ayt

u:—zc:,ri1/1°2+g2—h2 :tang
h+f 2

Velocity solution - given 0, find ¢
> d/dt(+2cdCH— 2bcSOSY = &> —a> —b* — ¢ — d* + 2abCh)

—2¢dpSo — 2bcHCOHSP — 2bchSOCH = —2abOSO

(cdS¢ + becSBCH)p = (abSO — becCOSH)D

A =cdS¢ + bcSOCH B =abS0 — bcCOSH

Ad=B6

Acceleration solution - given 0, find ¢ A&

d/dt((cdS¢ + beSOCH)p = (abSO — beCOSH)) -

(cdS¢ + beSOCH)) + (cdhCap + bebTCOHCH — beSOSP ) =
(abSO — bcCOSH)D + (abece +bcHSOSH— bcd)COCd))@

(cdS¢ + beSOCH )P — (beSOSH — cdC > =
(abSO — bcCOSH) + (abCh + beSHSH)6* 2bce¢cec¢

C =abC0 + beS D =bcSOS¢) — cdCo E= bcCGCd)

Ad =BO+CO* + D> — 2EO

§=(BB+CH> + DY —2E0)/ A
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Jerk solution - given 0, find ¢
d/dt(Ad = BO+ 6> + D¢? — 2E6p)

Ad+Ad=B0O+BO+2C00+COH +2Dpp + DP* — 2E6¢ — 2EO§ — 2E0¢

A =cdS¢ + bcSOCH A = cddpCd + beCOHCH — behpSOSH = EO — D
B = abS0 — bcCOSH B = abACO + beOSOSH — bedCOCH = CO — Ed

C = abCh + bcSOSH C = —ab0S0 + bcOCOSH + bedSOCH = —BO + F
D =bcSOSh — cdCd D =bcOCOSH + behSOCH + cddSd = GO + Ad

E = bcCOCH E = —bcHSOCH — bepCOSH = —FO — G

F = bcSOCH F = beOCOCH — behpSOSH = EO — Ho

G =bcCOSH G = -bcHSHSH + bedpCOCH = —HO — Ed

H = bcSO6SH

A§+(BO—D§J = BE +(CO—EG + 2000 + (— BO + bedSOCH I + 2D
+(Ad + bedCOSH K — 2E6¢ — 2E0§ — 2(— bedSOCH — bepCOS oo

Ad +E6¢— D¢ = BO + COO — EGO +2CH0 — BO® + beb’pSOCH + 2Ddé
+ AY +bed§’COSH — 2E6H — 2B + 2bcdH(OSOCH + $COSH)

A§ =B(6-6°)+3C60+3Dd + Ad* —3E(6 + 66+ 3bcdp(6SOCH + $COS)
A =B(6-6°)+3C00 + 304 + AY* —3E(0 + 6§)+ 30¢(FO + Go)

§ = (B(6 - 6°)+ 3006 + 304 + AG® - 3E(80 + 06)+ 306(F6 + Go))/ A
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Snap solution - given 9, find d)

d/dt(A¢ =B(6 - 6° )+ 3C00 + 3D¢d + Ap® —3E(0 + 66+ 304(FO + G))

A+ A =Bl 300+ B - 67)+ 306> +3008 + 300+ 3D§* +3D56 + 3D
+3A0°0+ AY* —3B(6 + 0 + 6§ + 06 )— 366+ 66)
+304(F0 + Gb)+ 306(FO + Go)+ 309(F6 + £0 + G + Go)

A =cdS¢ +bcSOCH A = cddpCd + beCOHCH — behpSOSH = EO — D
B = abSO — bcCOSH B = ab0CO + bcHSOSH — behpCOCH = CO—E

C = abC0 + bcSOSH C = —-ab0S0 + bcOCOSH + bedSOCH = —BO + F
D = bcSOS¢ — cdCd D = bcOCOSH + behSOCH + cddSh = GO+ Ad

E = bcCOCH E = —bcOSOCH — bedCOSH = —FO — G

F = bcSOCH F = bcOCOHCH — bedSOSH = EO — Ho

G =bcCOSH G =—bcHSOSH + bedCOCH = —HO — E

H = bcSOSh

A+ (B0 - Do = BB - 3076+ (CO - B )6 - 6°)+ 3CH7 + 366 + 3(- BO + Fo o0
+3D§” +3D¢¢ +3(GO+ Ab Ko + 346+ (E6 - D Jp’
—~3B(6 + 6§ + 66+ 08) - 3(- FO - G )6 + 06)
+304(F0 + G )+ 304(F6 + Go)
+30$(F6 + (EO - HO ) + G + (- HO—E§Jp)

A+ E0G - Do = B[ - 3620 )+ 066 - 6°*)— E6) + B+ 3¢6° + 3006 — 38020 + 37900
+3D¢” + 3D + 3GOd$ + 3Ad° ¢+ 3AH ¢ + EO$’ — D¢’
—3E0¢— 6EB$ —3EO + 3FOD + 3FO° ¢+ 3GO¢” +3GOd
+3F00¢ + 3G0H” +3F0* ¢ + 3GO¢
+3F00 + 3E0°p — 3HO?p* +3GOhd — 3HO $* — 3EO°

A$ = Bl§ - 60°0)+ C(466+ 36 —0* )+ DAdd+ 36 ' )+ 646
—~E0¢ —E0¢ +EO°¢+E0)’ —3EOH— 6EO) — 3EO + 3EO°$ — 3EOP’
+ 6F(2004 + 0°§)+ 6G(69° + 204¢)— 610§

A$ = B(§ - 60°0)+ C(466+36 - 0* )+ DAd+ 36 — 6* )+ 6A6
—4E0p— 6EO) + 4EO°p + EOY’ — 4E0) — 3E0)’

+ 6F(2006 + 076+ 6G(0¢ + 20¢)— 6HOH*
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A% = B[S - 66%6)+ (450 +36> - 6° )+ DG+ 35° — ')+ 644
—2E(26¢+30§ - 20°¢ + 0¢° + 208 )+ 6F(200 + 0°§)+ 6G(66> + 2046 ) 6102
i B 60%)+ (486 + 367 —0°)+ D+ 35" ')+ 6AFS .
+E(- 480 — 686+ 469 — 269" — 405 )+ 6F(208¢ + 67 )+ 6G(6° + 2696 - 61O
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RSUR - crank speed 60 rpom CCW
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Phi acceleration [rad/s/s]

Phi jerk [rad/s/s/s]
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RSUR - crank speed 60 rom CCW
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Phi snap [rad/s/s/s/s]
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oe

rsur_geometric.m - geometric solution for RSUR mechanism
% HJSIII, 19.04.13

clear

o

s constants
d2r = pi / 180;

o

mechanism dimensions - units = [cm]
= 20.43;
= 4.00;
= 10.00;
19.97;
= 30.42;

O Q Q0w
|

o

% constant 60 rpm CCW = 1 rev/sec = 2 pi rad/sec
w2 = 60 * 2*pi /60; % rad/sec

th start = 0;

% time for one revolution
tend = 1 / (w2/2/pi)

% 180 steps
dt = tend / 90;

% allocate space to save results

keep = [];

% time loop

for t = 0 : dt : tend;

% constant speed rotation
th = th_start + w2*t;

thd = w2;
thdd = 0;
thddd = 0;
thdddd = 0;

% position

f = 2*c*d;

g = 2*b*c*sin(th);

h = e*e - a*a - b*b - c*c - d*d + 2*a*b*cos(th);

ul = (-g - sqrt( £*f + g*g = h*h )) / (h+f);

u2 = (-g + sqrt( £*f + g*g - h*h )) / (h+f);

phi = 2*atan(ul);

phi2 = 2*atan(u2); % alternate assembly configuration
% general terms

A = c*d*sin(phi) +b*c*sin(th)*cos (phi);

B a*b*sin(th) -b*c*cos(th)*sin(phi);

C = a*b*cos(t ) +b*c*sin (th) *sin (phi) ;

D = -c*d*cos (phi) +b*c*sin(th)*sin (phi);

E = Db*c*cos(th)*cos (phi);

F = Db*c*sin(th) *cos (phi);

G = Db*c*cos(th)*sin(phi);

H = Db*c*sin(th)*sin(phi);
% velocity

phid = B * thd /A;
% acceleration

phidd = ( B*thdd +C*thd*thd +D*phid*phid -2*E*thd*phid ) /A;
% Jjerk

phiddd = ( B* (thddd-thd*thd*thd) +3*C*thd*thdd +3*D*phid*phidd

+A*phid*phid*phid -3*E* (thdd*phid+thd*phidd)
+3*thd*phid* (F*thd+G*phid) ) /A;

% snap

phidddd = ( B* (thdddd-6*thd*thd*thdd) +C* (4*thddd*thd+3*thdd*thdd-thd*thd*thd*thd)

9of 14
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+D* (4*phiddd*phid +3*phidd*phidd -phid*phid*phid*phid) +6*A*phid*phid*phidd ...
-2*E* (2*thddd*phid +3*thdd*phidd -2*thd*thd*thd*phid ...
+thd*phid*phid*phid +2*thd*phiddd)

+6*F* (2*thd*thdd*phid +thd*thd*phidd) ..
+6*G* (thdd*phid*phid +2*thd*phid*phidd) -6*H*thd*thd*phid*phid ) /A;

% save results

keep = [ keep ; th thd thdd thddd thdddd phi phid phidd phiddd phidddd 1];
end

% values for plotting

th = keep(:,1);
th_deg = th /d2r;

thd = keep(:,2);
thdd = keep(:,3);
thddd = keep(:,4);
thdddd = keep(:,5);
phi = keep(:,6);
phi deg = phi /d2r;

phid = keep(:,7);
phidd = keep(:,8);

(
phiddd = keep(:,9);
phidddd = keep(:,10);

% simple finite difference approximations

phid fd = ( [diff (phi);NaN] + [NaN;diff (phi)] ) /2 /dt;
phidd fd = ( [diff (phid);NaN] + [NaN;diff(phid)] ) /2 /dt;
phiddd fd = ( [diff(phidd);NaN] + [NaN;diff (phidd)] ) /2 /dt;
phidddd fd = ( [diff(phiddd);NaN] + [NaN;diff (phiddd)] ) /2 /dt;

plot( th deg,phi deg,'r' )

title( 'RSUR - crank speed 60 rpm CCW' )
xlabel ( 'Theta [deg]' )

ylabel( '"Phi [deg]' )

axis( [ 0 360 -120 -60 ] )

% plot velocity solution
figure( 2 )
clf
plot ( th deg,phid,'r', th deg,phid fd, 'go' )
title( 'RSUR - crank speed 60 rpm CCW' )
xlabel ( 'Theta [deg]' )
ylabel ( 'Phi velocity [rad/s]' )
axis( [ 0 360 -3 3 1)
legend( 'Geometric', 'Finite difference' )

o

o

% plot acceleration solution
figure( 3 )
clf
plot ( th_deg,phidd, 'r', th deg,phidd fd, 'go' )
title( 'RSUR - crank speed 60 rpm CCW' )
xlabel ( 'Theta [deg]' )
ylabel ( 'Phi acceleration [rad/s/s]' )
axis( [ 0 360 =20 20 1)
legend( 'Geometric', 'Finite difference' )

o°

% plot jerk solution
figure( 4 )
clf
plot ( th deg,phiddd, 'r', th deg,phiddd fd, 'go' )
title( 'RSUR - crank speed 60 rpm CCW' )
xlabel ( 'Theta [deg]' )
ylabel ( 'Phi jerk [rad/s/s/s]' )
% axis( [ 0 360 =150 150 ] )
legend( 'Geometric', 'Finite difference' )
% plot snap solution
figure( 5 )
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clf
plot ( th deg,phidddd, 'r', th deg,phidddd fd, 'go' )
title( 'RSUR - crank speed 60 rpm CCW' )
xlabel ( 'Theta [deg]' )
ylabel ( 'Phi snap [rad/s/s/s/s]' )
axis( [ 0 360 =150 150 ] )
legend( 'Geometric', 'Finite difference' )

oo

% 3D sketch

n length( th );
rA = [0 0 a 1
rB = [ zeros(n,1) b*sin (th) a-b*cos (th) 1 ;
rC = [ d+c*cos(phi) c*sin(phi) =zeros(n,1) 1
rD = [ d 0 0 1
figure( 6 )
clf
plot3( -rB(:,3), -rB(:,1), rB(:,2), 'r' )
hold on
plot3( -rC(:,3), -xrC(:,1), xrC(:,2), 'g' )
xlabel( '"Z2' )
ylabel ( '"X'" )
zlabel ( 'Y' )
ax = [ 0 0 0 ;
rD ;% X axis
NaN NaN NaN ;
0 0 0 ;
0 10 0 ;% Y axis
NaN NaN NaN ;
0 0 0 ;
rA 1; % Z axis
plot3( -ax(:,3), -ax(:,1), ax(:,2), 'k' )
text( -ax(2,3), -ax(2,1), ax(2,2), 'D' )
text( -ax(5,3), -ax(5,1), ax(5,2), 'yv', 'VerticalAlignment', 'bottom' )
text( -ax(8,3), -ax(8,1), ax(8,2), 'A', 'HorizontalAlignment', 'right' )
axis equal
nskip = 10;
for i = 1 : nskip : n,
plot3( [ -rB(i,3) -rC(i,3) 1, [ -rB(i,1) -rC(i,1) ], [ rB(i,2) rC(i,2) ], 'b'
end

o

% swivel angle for S joint

sCwrtB = rC - rB;

sBwrtA = rB - ones(n,1l)*rA;

swivel ang = 90 - acos( diag( sBwrtA*sCwrtB' )/b/e )/d2r;

% bottom of rsur geometric
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Spherical Four Bar Geometric

o1

revolutes A B C D all intersect at same point
o = angle subtended by link 1

0 = angle from plane for revolutes A D to center line for link 2
¢ = angle from plane for revolutes A D to center line for link 4
B = angle from center line for link 2 to center line for link 3
v = angle from center line for link 3 to center line for link 4
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tangent of half-angle solution

U =sina, sina, sinf
V =cosa, sina, sina, —sina, sino, cosa, cosb

W =sina, cosa, sina, cos0+cosa, cosa, cosa, —Ccosa,

o2 T ()

test values produce phi = 90 deg when theta = 90 deg

alpha1=90, alpha2=15, alpha3=78.5644, alpha4=50 [deg]
150

100

50

-50

phi, alt phi, beta, gamma [deg]

-100

-150 1 1 1 1

phi

alt phi
beta

gamma

0 50 100 150 200 250

theta [deg]

% t sfb.m - test spherical four bar
$ HJSIII, 20.04.28

clear

o

% constatnts
d2r = pi / 180;

% mechanism constants

r = 4; % radius [inch]
al = 90 * d2r;
a2 = 15 * d2r;

a3
a4 = 50 * d2r;

% test for al = 90 deg
theta = 90 * d2r;
phi = 90 * d2r;

78.5644 * d2r; % calculated for al=90, theta=90, phi=90
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rA=[0 0 r]"';
rB = [ 0 r*sin(a2) r*cos(a2) ]1';
rC = [ r*cos(ad4) r*sin(a4) 0 1';
rD= [ 0 01]";

dBC = norm( rC - rB );
a3 calcl = acos( 1 - dBC"2/(2*r*r) );
a3 calc2 = 2 * asin( dBC /2 /r );

% rotate theta and calculate phi

theta = ( 0 : 360 )' * d2r;

U = sin(a2)*sin(a4) *sin(theta);

V = cos(a2)*sin(ad)*sin(al) - sin(a2)*sin(a4)*cos(al)*cos (theta);

W = sin(a2)*cos(a4) *sin(al)*cos (theta) + cos(a2)*cos(a4d)*cos(al) - cos(a3);

phi =2 * atan( (-U - sqgrt( U.*U + V.*V - W.*W )) ./ (W-V) );

phi alt = 2 * atan( (-U + sqgrt( U.*U + V.*V - W.*W )) /(W= )

% 2002 Cervantes-Sanchez - beta ?2?7??

beta = acos( (sin(a4)*sin(al)*cos (phi) + cos(a4d)*cos(al) - cos(a2)*cos(a3)) / (sin(a2)*sin(a3)) );
gamma = acos( (sin(a2)*sin(al)*cos(theta) + cos(a2)*cos(al) - cos(a3)*cos(ad)) / (sin(a3)*sin(ad)) );

% 2018 Sun - theta2 = beta, theta4 = phi
X1 = sin(a2) *sin(theta);

Yl = -sin(al)*cos(a2) + cos(al)*sin(a2)*cos (theta);
721 = cos(al)*cos(a2) + sin(al)*sin(a2)*cos (theta);
theta4 = 2*atan2( Zl*cos(a4)-Yl*sin(a4d)-cos(a3) , .
-X1*sin(a4)+sqrt( (sin(a4)*sin(a3))”2 - (Zl-cos(a4d)*cos(a3)).”2 ) );
X4 = sin(a4d)*sin(thetad);
Y4 = -sin(al)*cos(a4) - cos(al)*sin(a4) *cos (thetad);
Z4 = cos(al)*cos(a4) - sin(al)*sin(a4) *cos (theta4);
theta2 = pi - 2*atan2( cos(a2)* (X4.*sin(theta)-Y4.*cos(theta)) - Z4*sin(a2) + sin(a3) ,
-X4.*cos (theta) - Y4.*sin(theta) );

beta = thetal2;

% show results
figure( 1 )
clf
plot ( theta/d2r,phi/d2r,'r', theta/d2r,phi alt/d2r,'g’,
theta/d2r,beta/d2r, 'b', theta/d2r,gamma/d2r, 'k' )
xlabel ( 'theta [deg]' )
ylabel( 'phi, alt phi, beta, gamma [deg]' )
title( 'alphal=90, alpha2=15, alpha3=78.5644, alpha4=50 [deg]"' )
axis( [ 0 360 =150 150 1 )
legend( 'phi', 'alt phi', 'beta', 'gamma' )

% bottom - t sfb
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