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Abstract

Robots or tele-operated manipulators are indispensable tools for
the safe removal of contaminated hardware during the decommissioning
of a nuclear power plant in order to avoid the radioactive exposure risk
on personnel. This goal of this proposal is to design and implement a
prototype for a Hyper-Redundant Articulate Manipulator >  or
snake-type robot > which can launch through through-wall tubes to
enter the suspected high level radioactive area.

The proposed manipulator consists of 6 cable-driven segments
with 12 degrees of freedom in total. Each segment has two d.o.f. control
and a hollow shaft design to provide the passage for front mounted
cameras or thermal cutting tools.

The project has implemented the following items -

1. Designed a six-segment manipulator and built a prototype robot
with 3D printer for verification;

2. Derived the forward kinematics equations and build the 3D model
for the robot simulation.

3. Developed the program to calculate the inverse kinematics problem
for control computer;

4. Derived the formulation for cable length control and simulate the



inverse kinematic simulation for the target manipulator.
5. Implemented the network control system with EtherCAT protocol

and verified the control system in a two-segment prototype.
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Denavit-Hatenberg Parameters for a Ssnake robot

(RR....R revolute joints)

the table give the following parameters associated with rotational angle > offset »

length > twist angle g.d.a.a in order

9, 0 0 —x/2
6 0 L, —x/2
0, 0 0 —z/2
04 0 L, —x/2)

syms 1 g2 g3 g4 real

syms L1 L2 positive

DH=[ql © @ -sym(pi/2); g2 © L1 -sym(pi/2); q3 © © -sym(pi/2); q4 ©
L2 -sym(pi/2)]

DH =

19



9 0 0 —%
g2 0 L —%
93 0 0 —%
44 0 Ly —%

Homogeneous transformation matrix: /~1¢; = R.(0;) ® T.(d) ® T\(a) ® R(a)

cosd —sing 0 0 1 000
sind cosd 0 O 0100
Ry =1 o 1ol D=0 1 al’

0 0 01 00 0 1
1 00 a 1 0 0 0
O 1 00 0O cosa —sina 0
L=ty 01 0| B0 Gna cosa 0
00 01 0O 0 0 1

syms q d alpha real ;sym L positive;

syms Rz(q) Tz(d) Tx(a) Rx(alpha)

Rz(q)=[cos(q) > -sin(q) > sym(@) > sym(@);
sin(q) > cos(q) ° sym(@) > sym(@);
sym(@) > sym(@) > sym(1) > sym(0);
sym(@) > sym(@) > sym(@) > sym(1)]

Rz(q) =
coslg) —sin(g) 0 O
sin(g) cos(g) 0 O
0 0 1 0
0 0 0 1

Tz(d)=sym([eye(3°3)°[0;0;d];0001]) Tx(a)=sym([eye(3°3)>[a;0;0];0
0 0 1]) > Tx(a)=sym([eye(3>3) > [a;0;0];0 @ 0 1]) » Rx(alpha)=[1 © © ©;0
cos(alpha) » -sin(alpha) @; © sin(alpha) > cos(alpha) - ©; © @ @ 1]

Tz(d) =

(=3 =
S O = O
o = O O
— Q. O O

20



S O O =
o o~ C
S = O O
==

Tx(a) =
1 00 a
0100
0010
0001
Rx(alpha) =
1 0 0 0
0 cos(a) —sin(a) 0
0 sinla) cos(a) 0
0 0 0 1

Tx(a)=sym([eye(3->3) > [a;0;0];0 0 © 1])

Tx(a) =

(==
o o = O
S = O O
==

Rx(alpha)=[1 © © 0;0 cos(alpha) > -sin(alpha) ©; © sin(alpha) -
cos(alpha) » ©; @ @ 0 1]

Rx(alpha) =

0 0
cos(a) —sin(a)
sin(a)  cos(a)

0 0

(= =
- o O

zeta_©_1=Rz(DH(1° 1))*Tz(DH(1 > 2))*Tx(DH(1 > 3))*Rx(DH(1 * 4))

zeta 0 1 =

21



cos(q)) 0 —sinl(gy) O
sin(g)) 0 cos(q)) 0
0
1

zeta 1 2=Rz(DH(2 > 1))*Tz(DH(2 > 2))*Tx(DH(2 > 3))*Rx(DH(2 > 4))

zeta 1 2 =

cos(gy) 0O —sin(gy) Ljcos(go)
sin(gs)) 0 cos(gy) Ljsin(ga)
0 -1 0 0
0 0 0 1

zeta_ 2 3=Rz(DH(3 > 1))*Tz(DH(3 > 2))*Tx(DH(3 » 3))*Rx(DH(3 > 4))

zeta 2 3 =

cos(gs) 0 =—sinlgz) O
sin(g3) 0 cos(gz) 0
0 —1 0 0
0 0 0 1

zeta_3_4=Rz(DH(4 » 1))*Tz(DH(4 > 2))*Tx(DH(4 > 3))*Rx(DH(4 * 4))

zeta 3 4 =

cos(gy) O —sin(gs) Lycos(gy)
sin(gg) 0 cos(qy) Lysin(gy)
0 -1 0 0
0 0 0 1

zeta @ 4=zeta O 1*zeta 1 2*zeta 2 3*zeta 3 4

zeta 0 4 =

22



cos(qy) on + cos(qy) sin(gy) sin(gy) cos(gy) cos(go) sin(gsz) — cos(gs) sin(gy) cos(gy) cos(gy) sin(gy) — sin(gy) oo L cos(g
sin(gy) sin(gs) sin(g4) — cos(gy) o1 cos(gy) cos(g3) + cos(gs) sin(qy) sin(gs) sin(gy) o1 + cos(gy) sin(gy) sin(gy) L cosl(¢
cos(qa) sin(gy) — cos(g3) cos(gy) sin(g,) —sin(g,) sin(g3) cos(gy) cos(gy) + cos(qz) sinlgy) sin(gq) L cos!
0 0 0
where

o1 = cos(gy) sin(gz) — cos(gs) cos(gs) sin(q)

o, = sin(qy) sin(g3) + cos(gqy) cos(gn) cos(gs)

simplify(zeta_0_4)

ans =

cos(gy) 62 + cos(qy) sin(gs) sin(gy) cos(q) cos(gn) sin(gs) — cos(g3) sin(gy) cos(gy) cos(gy) sin(gy) —sin(gs) 69 L cos(g

sin(gy) sin(gs) sin(g4) — cos(qy4) oy cos(gy) cos(g3) + cosl(gy) sin(qy) sin(gs) sin(gy) o1 + cos(qy) sin(gy) sin(gp) Ly cos(¢

cos(go) sin(gy) — cos(g3) cos(gy) sin(gy) —sin(gy) sin(g3) cos(gp) cos(gqq) + cos(gs) sin(go) sin(gy) Ly cos!
0 0 0

where
o1 = cos(gy) sin(gz) — cos(gn) cos(gz) sinl(qy)

o = sin(q) sin(g3) + cos(gy) cos(ga) cos(gs3)

IIAJEEREE x0, v 20 HEEEE ZaFriidta: D35 FIARIHE] T BRI 4001

syms LO® 1 t positive
zeta_b_0=Rz(0)*Tz(0)*Tx(LO)*Rx(Q) >
zeta_4 t=Rz(0)*Tz(0)*Tx(1_t)*Rx(0)

zeta b 0 =
100 Ly
010 0
001 0
000 1
zeta 4 t =
100 4
0100
0010
0001

YIS BEEE base B T HLAYHEARRL: 28, =52 £,@08 0% 001
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simplify(zeta_b ©*zeta 0 4*zeta 4 t)

ans =

64 cos(qp) cos(g) sin(gs) — cos(gs) sin(qy)
63— cos(qy) 61 cos(q) cos(gz) + cos(go) sin(qy) sin(g3)

07 —sin(qy) sin(g3)
0 0

where

o1 = cos(gy) sin(gz) — cos(g) cos(g3) sin(q)

o = cos(gy) sin(gy) — cos(gsz) cos(gy) sin(go)

o3 = sin(qy) sin(g,) sin(gy)

64 = cos(qy) 65+ cos(gy) sin(gs) sin(qys)

o5 = sin(qy) sin(g3) + cos(gy) cos(g,) cos(q3)

24

cos(gy) cos(qa) sin(gp) — sin(qs) 65
sin(gy) o1 + cos(gy) sin(g;) sin(gy)
cos(gp) coslqy) + cos(gs) sinlgy) sin(gy)
0

Lo+ 64+ L; cos(qy) cos(ga
Ly cos(qy) sin(qy) — [, (cos(qy) o
I, 69 — Ly sin(gy) + Ly cor



ST EN Z RIS EF LA B (AR R ). (REcmilmifi endplate HYEERER d -
BEE AR O R o di2

syms r d positive

syms psi thetarhoreal % psi > theta 43HIEE AEHEIHY yaw (z) » pitch
(y) angle; delta_i 2wtk HELEFLAVAIE .

syms q real

TEF M (E AR A — (EEEAEAT—60-1) > FORSES FBEIT L - 2 S

oL S (E AR AT Y | E1(Z | 6T body-fixed FEFRZER) - FHESHY yaw > pitch
AEHEG\psis > )

% convert yaw > pitch to axis-angle
[vector > angle]=EulerAngle2AxisAngle(psi > theta - 0);
vector=simplify(vector)
angle=simplify(angle)
%EFSEEAEH : Rz: rotation about z-axis @ Ry: rotation about y-axis
Rz(q)=[cos(q) > -sin(q) > sym(@);
sin(q) » cos(q) > sym(0);
sym(@) > sym(@) - sym(1)]
Ry(q)=[cos(q) > sym(@) > sin(q);
sym(@) > sym(1) > sym(0);
-sin(q) > sym(®) > cos(q);]

R AT LA fir B 1 G- L) RREIRIR ( » Y)=(rcos(delta_i) »
resin(delta_i) » -d/2);fE J TR - ERETLAL(x  y)=(rcos(delta_i) + r*sin(delta_)
-d/2);

upHole=[d/2;r*cos(rho); r*sin(rho)];lowerHole=[-d/2;r*cos(rho);
r*sin(rho)]

Y Ry (E) it aEas yaw A pitch AYfEiE% - F2EhE]
upHoleNew=simplify(Rz(psi)*Ry(theta)*upHole)

U SR A T LAY EE R
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cablelLength=sqrt(simplify(expand((upHoleNew-lowerHole)"*(upHoleN
ew-lowerHole))))

latex(cableLength)

subs(cableLength > {psi > theta} - {0 0})

matlabFunction(cableLength: ) ) »true);

type

Tmatrix=Rz(psi)*Ry(theta);

[vImatrix > dTmatrix]=(eig(Tmatrix));

lambdal=simplify(dTmatrix(1))

lambda2=simplify(dTmatrix(2))

lambda3=simplify(dTmatrix(3))

% tform2axang(Tmatrix)

gat=RotationMatrix2Quaternion(Tmatrix);

[axis » angle]=Quaternion2AxisAngle(qgat);

gat=simplify(qgat')

axis=simplify(axis")

angle=simplify(angle)

matlabFunction(Tmatrix - ’ ’ » true);

type

% simulink _model name="Snake cable length";

% if ~exist(simulink_model name) -

% new_system(simulink_model name);

% end

% open_system(simulink model name);
5 matlabFunctionBlock(simulink model name > cablelLength)

R

Mz

rr=150;dd=100; low=YZCircle([-dd/2:0°0] >rr-50);up=YZCircle([dd/2"
©0°0]rr>50);

upAxis=[0 > dd/2;0°0;0 0] > lowAxis=[0 > -dd/2;0>0;0 " 0]

psi_r=pi/6;theta_r=sqrt(pi”2/16-psi_r~2);

upAxisT=TmatrixFunc(psi_r > theta_r)*upAxis

upT=TmatrixFunc(psi_r > theta_r)*up;

plot3(up(1: :)>up(2>:) > up(3::): ) > hold on > plot3(low(1 - :) °
low(2:) > low(3>:)> ) > plot3(upT(1-> :) »upT(2> :) > upT(3:)> )
line(upAxisT(1 > :) > upAxisT(2 > :) > upAxisT(3 - :)) > line(lowAxis(1 - :) >
lowAxis(2 > :) > lowAxis(3 > :)) > axis > hold

view([57 -62])
figure % new figure

plot3circle(up(1: :) >up(2> :) > up(3-:)> ) > hold )
plot3circle(low(1-:) > low(2>:)>low(3>:)" ) plot3circle(upT(1-:) >
upT(2> 1) > upT(3 - :) > )s
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line(upAxisT(1 > :) > upAxisT(2 - :) > upAxisT(3 > :) » "linewidth' » 5>
‘color' > "blue') > line(lowAxis(1 > :) > lowAxis(2 > :) > lowAxis(3 - :) >
'linewidth' » 5 'color' » "black') » axis equal > hold off

x1lim([-68 140])
ylim([-150 157])
z1lim([-153 150])
view([68 -84])

vector =

2 sin (%) sin (g
V'3 —cos(@) — cos(y) cos(@) — cos(y)

cos (g) sin (%

o]

(i) n(2)

o]

where

6= \/l - COS(VZI)QCOS@)

2

angle =
2 acos (cos (%) cos (g) )
Rz(q) =

cos(g) —sin(g) 0
sin(g) cos(g) 0

0 0 1

Ry(q) =
cos(g) 0 sin(g)
0 1 0
—sin(g) 0 cos(g)

lowerHole

-d
2

rcos(p)
rsin(p)

upHoleNew

27



dc_os(qu)coﬂ — rcos(p) sin(y) + r cos(y) sin(p) sin(8)

rcos(y) cos(p) + M‘ﬁ + rsin(y) sin(p) sin(8)

) — d sin(0)

rcos(8) sin(p 5

cablelLength =

2 2
\/% —2r2cos(B) +2r2 =2 r2cos(y) cos(p)2 +2 r2cos(p)?cos(d) + d” cos( g) cos(@) 4 4 sin(p) sin(@) — d r cos(p) sin(y)

ans = '\sqrt{\frac{d*2}{2}-2\ > r*2\ > \cos\left(\theta \right)+2\ > r~2-2\ > r~2\ -

\cos\left(\psi \right)\ - {\cos\left(\rho \right)}~2+2\ - r~2\ > {\cos\left(\rho

\right)}~2\ - \cos\left(\theta \right)+\frac{d”"2\ - \cos\left(\psi \right)\ -

\cos\left(\theta \right)}{2}+d\ > r\ > \sin\left(\rho \right)\ - \sin\left(\theta

\right)-d\ r\>\cos\left(\rho \right)\->\sin\left(\psi \right)-2\>r»2\-\cos\left(\rho

\right)\ - \sin\left(\psi \right)\ - \sin\left(\rho \right)\ - \sin\left(\theta

\right)-d\ > r\ > \cos\left(\rho \right)\ > \cos\left(\theta \right)\ > \sin\left(\psi

\right)+d\ > r\ > \cos\left(\psi \right)\ > \sin\left(\rho \right)\ - \sin\left(\theta

\right)}"

ans =

function cableLength = CableLength(d > psi: r - rho: theta)

%CABLELENGTH

% CABLELENGTH = CABLELENGTH(D > PSI > R > RHO > THETA)

% This function was generated by the Symbolic Math Toolbox version 8.4.
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% 26-Dec-2019 13:53:53

t2 = cos(psi);

t3 = cos(rho);

t4 = cos(theta);

t5 = sin(psi);

t6 = sin(rho);

t7 = sin(theta);

t8 = d."2;

t9 = r.”2;

t10 = t3.72;

cablelLength =

sqrt(t8./2.0+t9.*2.0-t4.*t9.*2.0+(t2.*¥t4.%t8)./2.0-1t2. *t9.*t10.*2.0+t4.*¥t9.*t10.*2

L0-d. ¥ K3 FE5+d. ¥ 6 R 7 -d L Fr ¥ E3 L R EA L ¥ E54d L e 20K 86 FE7 -3 ¥ 85 R 6. K BT L FE9.

*2.0);

lambdal =
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321/3 cos(y)2cos(9)? +2 cos(y)2cos(8) + cos(y)? 4+ 2cos(y) cos(@)? _ 03 _ cosly) + cos(@)? _ co
o, 2Por 9 9 9 9 3 9

9

cos(y) | cos(@)
3 3 6 o]

where

oy =(2 65> — 9 052 + 27 cos(yr)2 cos(8)2 + 27 cos ()2 sin(6)2 + 27 cos(8) 2 sin(y)? + 27 sin(y)? sin(6)2 + 3 V3 Veos(y) +1 Vcos(8) -
63 = cos(y) +cos(@) + o3

o3 = cos(y) cos(8)

lambda2

0

lambda3
0

gat =

020]
2

_sin(y) sin(6)
2 0701

sin(@) o>
20

sin(y) o
2 ay

where

01 = Ve F T
oy = Veos(y) + 1
axis =

_ sin(y) sin(8)
Veos(y) +1 Veos(@) +1 6

sin(@) Vcos(y) + 1
Veos(0) + 1 oy
sin{y) Veos(@) + 1
Veosy) + 1 o

where

o1 = V3 —cos(f) — cosly) cos(@) — cos(y)
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angle =

2 acos(‘/COS(ny + 12 Vcos(0) + 1)

function Tmatrix = TmatrixFunc(psi - theta)
%TMATRIXFUNC

% TMATRIX = TMATRIXFUNC(PSI - THETA)

% This function was generated by the Symbolic Math Toolbox version 8.4.

% 26-Dec-2019 13:53:54

t2 = cos(psi);
t3 = cos(theta);
t4 = sin(psi);
t5 = sin(theta);

Tmatrix = reshape([t2.*t3 > t3.*t4 - -t5> -t4-12>0.0 > t2.%t5 > t4.*t5>t3] - [3 - 3]);

upAxis =
0 50
0 0
0 0
lowAxis =
0 -50
0 0
0 0
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UpAxisT =

0 36.0912
0 20.8373
0 -27.6267

100
0
-100

-150

150

% HEeEs—REraER
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nSeg=10;nCables=3; holes=nSeg*nCables;
rhos=[0:holes-1]*2*pi/holes;
maxAngle=pi/5;testPoints=20;
testPsi=[0:testPoints]*maxAngle/testPoints;
testTheta=sqrt(maxAngle~2-testPsi.”2);
testResults=zeros(length(testPsi) - length(rhos));
i=1:1length(testPsi)
testResults(i > :)=CableLength(dd > testPsi(i) > rjr > rhos
testTheta(i));

Not enough input arguments.

Error in rjr (line 14)

[m>n] = size(A);

plot(testResults')

A HRF Z GG RAVET R 20

BESFEFEEEWEREAE 0 > 0y - EREALEH = Eifmii E=

{ELL120° F A R AT E B S r AYFURRVSEGEFTER] - (68 A = (FREE4E - mIEmIRAVIRA
B AW RS AR R SR T -

FE LR RO R U L B AV P B AT HIRAET e A (6), 041 )R TE » BRI E
BN RAERIBRET A - o] DU R A (R = PR R B R K.

WAL B Ry O FERVARAE RS R et - RIAEE(O, 6,4 )RR A2 H:
cablelLength

A EHEASEATATEERE ( y,0 ) sHHLVEESEAG AT, S8 (EH
(I A A BERG AT 90 [EEA e Fa . (LR S 5 A B A P
REfi Bt @ 90 FEIRNEE.

33



WIEREEAE LA R AL E 6, R ffac - (B — (& EiR - 5T RS BT ER

SR PIEIE 25 E % -

Define a cicle points on the Y-Z plane

points=YZCircle(C-> r > numPoints)
mod (numPoints > 4)~=0
numPoints=ceil (numPoints/4)*4;

increment=360.0/numPoints;

angle=0.0;

points=zeros(3 > numPoints);
i=1:numPoints
points(: > i)=[C(1);C(2)+r*cosd(angle);C(3)+r*sind(angle)];
angle=angle+increment;

plot3circle(x >y z > color)

numb=length(x); % number of data points

plot3(x -y~ z)

fill3(x >y >z color > 'FaceAlpha' »@0.2)

%line(up(1 - :)>up(2- :) up(3-:))

%plot3(x >y z)

line([x(1);x(end)] - [y(1);y(end)] - [z(1);z(end)]);

%line([up(1-1);up(l-end)] > [up(2>1);up(2-end)]  [up(3-1);up(3->
end)])

half=ceil(numb/2);

quater = ceil(numb/4);

onethird=ceil(3*numb/4);

line([x(half);x(end)] > [y(half);y(end)] > [z(half);z(end)]);

line([x(quater);x(onethird)] > [y(quater);y(onethird)] -
[z(quater);z(onethird)]);

%line([up(1-26);up(l-end)]  [up(2>26);up(2>end)]  [up(3°26);up(3:
end)])

%line([up(1->213);up(1-39)]  [up(2>13);up(2°39)]: [up(3>13);up(3:
39)1)
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[vector > angle]=EulerAngle2AxisAngle(yaw ° pitch > roll)
cl=cos(yaw/2);
c2=cos(pitch/2);
c3=cos(roll/2);
sl=sin(yaw/2);
s2=sin(pitch/2);
s3=sin(roll/2);
angle = 2 * acos(cl*c2*c3-sl*s2*s3);
vector=[sl1*s2*c3+cl*c2*s3;s1*c2*c3-cl*s2*s3;cl*s2*c3-s1*c2*s3];
vector=vector/sqrt(dot(vector > vector));

g=RotationMatrix2Quaternion(RM)

[r>c]=size(RM);
g=sym(zeros(1-4));
(r~=3]| c~=3)
error( )

gr=sqrt(1l+trace(RM))/2;
qi=(RM(3 > 2)-RM(2 - 3))/4/qr;
qj=(RM(1 - 3)-RM(3 - 1))/4/qr;
gk=(RM(2 > 1)-RM(1 - 2))/4/qr;
g=[qr > gi-> qj  qk];

[axis > angle]=Quaternion2AxisAngle(q)
axis=sym(zeros(1 - 3));angle=sym(0);
length(q)~=4
error( )

angle = 2 * acos(q(l));

sin_gw=sqrt(1-q(1)*q(1));
axis=[q(2)/sin_gw -’ q(3)/sin_gw > q(4)/sin_qw];
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