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Abstract. Robotic assisted brachytherapy is a dynamic field of research due to its tangible and imme-
diate results in the improvement of cancer patient’s life conditions. The inverse dynamic model of a
pardld robotic system for genera brachytherapy is presented in this paper. The PARA-BRACHYROB
robotic system has 5 degrees of freedom (DOF), five for position and orientation of the needle inser-
tion module plus a redundant DOF dedicated for needle insertion. The dynamic model is obtained us-
ing the virtual work method and the dynamically equivalent lumped masses of the experimental
model. A validation of the numerical results using a multi-body simulation software (the Siemens NX
RecurDyn) is also presented, proving the accuracy of the developed model.
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1. INTRODUCTION

Nowadays the world encounters a very provocative chalenge: the number of cancer patients is con-
stantly increasing, the most affected organs being the colon, lungs, prostate and bowel. Brachytherapy (BT)
isarelatively new approach in the fight against cancer, implying the irradiation of the tumor only, by placing
inside of it several radiation seeds using a required number of catheters. Many researchers proposed solu-
tions, most of them for prostate cancer treatment: [0, 2].

For an efficient and robust control of the needle trgjectory, in order to avoid any deflection, the use and
implementation of the dynamic model of the robot becomes a necessity. Strasmann, in [0] proposes a thor-
ough study to estimate the dynamic characteristics of the needle insertion stage, while Sadjadi shows in [0]
the needle deflection error spread for different targeted depths. In [0, 5, 6] the authors use the Newton-Euler
approach has been used to calculate the actuation and reaction forces of the mechanism. The Lagrange for-
malism introduces scalar multipliers for each kinematic closure equation. Abdellatif [O] in as well as Miller
and Clavel in [0] used the Lagrangian formalism for closed-loop mechanisms (although reputed of being in-
efficient). The virtual work ([0, 10, 11, 12]) formulation is considered as a mixed form of all above men-
tioned methods and is far more efficient because it can eliminate all forces and interna joints and it allows
direct determination of forces/torques of the robot. Staicu in [0] and [0] developed the inverse kinematic and
dynamic model of an orienting gear train mechanism using recursive matrix relations. Section 2 of the paper
is dedicated to the description of the studied parallel robot for BT and the analytic inverse dynamic model.
Section 3 presents the simulation dynamics results, showing the validation of the inverse dynamics using the
Siemens NX solver software. The conclusions are presented at the end of the paper.

2. INVERSE DYNAMICS OF THE PARA-BRACHYROB PARALLEL ROBOT

PARA-BRACHYRORB is a parald robot that has 5-DOF and two modules: the first one has 3-DOF
and 3 active joints, namely: ¢,,q,,q, While the second one has 3-DOF and 2 active joints, namely: g,, g

(Fig. 1). Each module works in cylindrical coordinates. The coordinates ¢,,q,,q,,9s ae prismatic joints
along an axis parallel with OZ, while the third motion of each module is a rotation around the same axis,
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with the first rotation joint, ¢, as an active joint, while the second rotation joint (for the second module) is a
passive joint. Besides the active coordinates ¢,,9,,93,94,9s the PARA-BRACHYROB parallel robot for
BT has an additional, redundant 1-DOF mechanism represented by the ¢, active joint, used only for the nee-

dle insertion. The kinematic model of the robot has been presented in detail in [0], the only difference con-
sisting in the additional 1 DOF needle insertion module, [0, 15].

The inverse dynamic model of the PARA-BRACHY ROB experimental model (Fig. 2) has been devel-
oped using the virtual work principle. The input data for inverse dynamics consist in: the motion laws of the
robot for posing (position and orientation of the end-effector), the inverse kinematic model (positions, ve-
locities and accelerations) and the masses of robot elements. Applying the algorithm equations for inverse
dynamics, the drive forces and torques will be obtained. Applying the virtual work principle, the torque vec-
tor is obtained: 7= [ﬂ,FZ,M3,F4,F5,F6]T where F,F,,F,, F;, Fy are the linear forces obtained at the level
of each active corresponding joint and M 5 isthetorqueinthe ¢, activerotationa joint (Fig. 1).

For the determination of the inverse dynamic model, the following moving elements of the robot struc-
ture have been considered (Fig. 3): the elements (1) + (28), having the masses m, + m,g; the ball screws
(29), (30), (31), (32), al the same having the mass m,, ; the speed reducers (33), (34), (36), (37) for the

41,9294, 95 active joints, having the masses m, , the speed reducer (35) for the g¢,active joint, having the
mass my, ; the couplings, al identical, having the masses. m, ; the motors (38), (39), (40), (41), (42), dl
identical, having the mass: mg, , the motor (43) corresponding to the ggactive joint, with the mass m,, with
the speed reducer (44) having the mass m g, ; the pulleys (45) corresponding to the g¢g active joint, each with
the mass m,, , the screw (46) corresponding to the g¢ active joint, with the mass m,,. The following lengths
have been considered, measured on Z axis: /, + lgand I, + /,,, while [, has been measured aong the needle
axis.

Two simplifying hypotheses have been used to develop the dynamic model: the use of lumped masses
and the neglecting of friction forces. In order to use the masses of the moving bodies in the robot dynamic
equations, a simple way is to concentrate these masses into one or several key-points. Thus, abar having the
length / and mass m is dynamic equivalent to the three points (two of equal mass, at the two ends of the bar:
m, =m, =1/6m ) and the other one in the middle: m,. =2/3m [Q].

For the spline shaft, the moment of inertia 7;was computed using (1), where D, represents the spline
shaft diameter ( D, = D, = 25mm). The inertia moment of the bodies that rotate around the Z axis of the ro-
bot (the spline shaft (28)) has been taken from the CAD model (/,and/;), the same being applied for the
bodies that rotate around the fixed cylindrical shaft (47): 1,and/;. The inertia moment of the ball screws
(29-32), can be determined in using (2), where D,qrepresents the nominal diameter of the ball screws.
Knowing the inertia moment of the motors (38), (39), (40), (41), (42) asbeing I, of the speed reducers (33),
(34), (36), (37) asbeing I, of the speed reducer (35) as /, and of the couplings as /,, and using the kinetic
energy asin (2), the reduced moment to the active joint g;and respectively to the fixed cylinder shaft (47) is
obtained using (3-4), where n, = 236 isthe gear ratio of the speed reduction unit (35).

I, =my-Djg /8 [kg-mm?] (N
Ig=my- D318 [kg-mm?] )
E, =3I 2=1(1,41,) 67
E:%mlﬂed'vz—i_%lmd'wz- ol =72 red_cyl'a _E 3tiy)a (3)
. . . 2
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The expressions of the reduced inertia moments to the speed reducer (35), respectively the mass center
of the fixed cylindrical shaft (47) are:

1

red_q3

=L+lg+ L+, + I+ 1,05 [ 0 o =I3+1, (5)

re.

Fig. 1 — The kinematic scheme of PARA-BRACHYROB Fig. 2 — The experimental model of PARA-BRACHYROB
parallel robot for brachytherapy. parallel robot for brachytherapy.

The gyration radius has been computed, both for the ¢ active joint aswell asfor the cylindrica shaft (47):

iy = \/Irea,_q3 /(m28 + Mgy + Mg + Mg + My + M+ Mg+ mg +(my +m10)/6) [mm] (6)

iA31=\/Ired_cyz/(”’12"'”’1.3"'"715"'”‘16"'("117"'"413)/6) [mm]. (7)

For the active jointg,, the inertia moment of the motor (43) (/;,) and speed reducer (44) (/,,) have

been taken from the producer’s catalogue and the inertia moment of the pulleys (45) and screw (46) have
been computed in (8).

Ly=my-Di/8 [kgnmf]; I, =m,,-DZ/8 [kg-mn?]. ®)

The reduced inertia moment to the speed reducers shafts has been computed in (9) and the subsequent
gyration radii in (10).

Lo s -(q'j/2)2/2=17-(qj -n1)2/2+(qj)2/2-(16+18+110)=17-nf+16+18+110; i=12,4,5 9

im=\/lred_,~/(ng+%+mss+%) [rm], (10)
With 4,4, =i,a, =i,z = i,3, - The reduced inertia moment to the motor (43) has been computed in (11) and
the gyration radius in (12). q: is computed using (13) where ¢,,represents the position of the active joints
41.492,94, 95 a the beginning of motion, P isthe screw lead (P =5 mm) , while for q; ,p=0.8mm.

1

red

o=ly il + 2 I+ 1y, (11)

iAae=\/Ired_el(meﬂ+m38+2'm39+m4o) [mm], (12)
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q; =271 P-(4;~ o), 1=12,45; 4s=27!P-(qs—eo) . (13)

Starting from these masses, a number of 43 lumped masses (14) are considered as input data into the
inverse dynamics algorithm, as presented in Fig. 4.

The following notations have been used for the inverse dynamic model: ¢ =[g;.95,95:94.95.96] »
G=d1,4,4,44,d5,d6) + G =|d1sG00rd5rdardsrds] — the vector of the active joint coordinates; speeds, re-
spectively accelerations; og = [5q1,§q2,§q3,§q4, s, éqG]T — the vector of virtual displacements for the active
joint positions;, X, =[X,.,Y,.Z,[ , X, = [XE,YE,ZE]T X, = [XE,YE,ZE]T—thevector of the E point coor-
dinates, velocities and accelerations; 6X , = [6X ,,6Y,,6Z, | - the vector of virtual displacements of the E
point coordinates; X, =[X,,%,.Z] , Xy, vzl ¥ i =[¥,,¥,2] - the vectors of the mass coor-
dinatesin m: equivalent points with the system with 47 mobile bodies of the robot, velocities and accelera-
tions; &X,, =|[dX, i,5Y,.,éZ,.]T— the vector of virtual displacements of the m; points coordinates;

T =00,70,75,74,75: 7| =|Fy, Fy, M, F,, Fs, F,| —the vector of active forcessmoments;

m' 0 0 0
Myss :=| 0 m” 0 |; G=| 0 | —thegravitational acceleration vector, i =1, 2,..., 43.
0 0 m -g

Fig. 3—The CAD model of PARA-BRACHY ROB parallel robot.

* * * * * * * *
my =my;, My =m,, My=my+m;Il6;, my=my; mg=mg, mg=mg+mygyl6, m,=2m,13;, mg=m,I6;
* * * * * *
Mg = Mg + Mgl 6+myy 16, myy =2mgl3; my =my +mgl6;, my,=2myl3; my=my; my,=m;,, (14)

* * * * * *
Mg = myg + Mg 1 6, myg = myy; myz =myg; myg =myg +my; 16, myg =2mg 13, myy =myg/6;

Mgy = Mg + My 1 6+ Moy | 6, Mgy = 2y | 35 Mg = Mg + Moy | 6; Mgy = 21713, iy = My
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Mg = Mg + Moy | 6 Moy = 2my; Mog = Mg + Moy 6, Mg = myy;
Moy = Mg = [myg + mys + myg + g+ (myy +myg) 1 )1 25 may = mig = mag = my = (g + may +mag +mag )1 2

m;B = m;Q = mzo =my = (m29 + Mgy + Mg +m36)/2; My, = m23 = (m37 + Mgy + 2+ Mgy +m40)/2.
The coordinates of the equivalent mass points with respect to the fix coordinate system are:

X, =5 X,=0 X;=0 [X,=0 Xs=0 Xs=0 [Xg=1,-cos(g;)
Yi=s, 1Y, =0 1Y =0 1Y, =53 ;1Y =0 1Y =0 ;1Yg =14, -9N(qs) ;
Zi=q—h Zy=q—h (Zs=q |Z4s=92-1, |Zs=q2-1, |Ze=q, |Zg=q1

X0 =| b, 12++d?—(q, - Zj-
Koot Yol ooy | Vo~ A2 =T oot
Y; =h,12-sin(gs); Yg:\/dlz_(‘]z_‘]l)z ‘Sin(%) ; Yloz(b1/2+\1d12_(‘12_‘]1)2j‘5in(‘13) ;

Z1=q Z9=q Zio=q,

Xp=Xo |Xo=@/2P ~(g-a)/ 2 -codas) (xy=dy [Xy=dy (X =d

. 2 2 o . . . .
Y=Y, lez\/(dllz) _((‘]2_‘]1)/2) 'S'n(‘h) V1 Yz =5, ;144 =0 ;1Y5=0
Zyn=q Ly = (% +‘]2)/2 Zia=qatly (Zuu=q4s+1l, |Zis=9,4
Xg=dp—s, [Xz=dp Xig=dyp X192112/2‘C05(0‘) Xzo:llz‘coia) Xp=Xe,
Yig =35, ;147 =0 ;Y5 =0 Y19=112/2-sin(a) ; Yzo:llz'sm(a) W as=Ye,
Zig=qs+Is Zi7=qs5+1ls |Z1g=9s Zig=q, Zyp=4q, Zy=q,

S

X, = by 12++Jd? —(gs — Zj-
2= dzz—(qS—q4)2-COS(a) 2 (2 3z -5 -qu) cos(a) X27=(XC1+XC2)/2
1= dzz_(%_‘h)z'sm(a); Y22Z(b2/2+\/d22_(Q5_‘I4)z)‘5in(a); Y27:(Y01+YC2)/2 :

21~ 94 Zyp =4, Ly = (‘h +‘J4)/2

(15

N <
1]

Xaa =\/(d2/2)2 ~((95—aa)/ 2)2 -cosa) Xp=Xg Xp=X¢ Xy =X¢, +9s -cody)-sin(6)
Y24=\/(d2/2)2—((q5—q4)/2)2-Sin(a) Ys=Yy Y=Yy iyYm=Yq t¢-sinly)-sn(@) ;
ZZ4 :(q5+qll)/2 225 =4, —17 226 =q —18 Z29 =q, _l3 —qs Coie)

Xao =ingg/2-C08qs) [Xay=inag/2-C08lq3 +7) (Xap = dip —inyy/ 2-cO@)
Yoo =ingo/2-8N(g3) ; Yoy =inao/ 2-8iNlgs +7) ; { Yy =iy / 2-8in(c2) ;

Zyp=ly Zy =y Zyp =l
X33=d12—iA31/2-COS(a+7r) X34=sl+iA32/2-COS(qI) X35=sl+iA32/2-COS(qI+7r)
Yoy =ipgg ! 2-sin(cx + 7) Yy =5, +igg [ 2-8i0g; ) i Ve =5, +ipg /1 2-SiNlgs +7);
Zgz =g Zy =y Zys =1y

X36=iA33/2-cos(q;) X37=z'A33/2-cos(q;+7r) X43=Xcl+iA35/2-cos(qg+7z)-sin(l//)
Yas = S3+ipgs ! 2-SiN\gy | 1 Yay = 55 +i,55/ 2-SiN\gy + 7} Y43=YC1+iA35/2-COS(q;+7z)-COS(§V)
Zyg =y Ly =ly Zyg=qy—lg+iygs ! 2-sinlgg +7)-sin(6)
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Xy = 12+iA33/2~cos(q;) X39=d12+iA33/2~cos(qZ+7z) X40:d12—sl+iA34/2~cos(q;)

Yoo = S5 +iyas ! 2-sinlg,) Y39=s3+iA33/2-sin(q2+7z) 1Y, =8y +iyg, l2-sinlgs ;
Zyg=1hy Zyg =1y Zy=1ly

Xy =dyp =5, +iyg, 12:008(qs +70) | Xy = X, +iyg5/2-€05(5)-sin()

Yiy =5, +iy/2-5in(g5 +7) 14 Yo =Yg, +iyas ] 2-08( g5 ) cos(y)

Zy=ly Zip =~y +ires 1 2-5i0( g5 ) -Sin(0)

Fig. 4 — The PARA-BRACHY ROB lumped masses.

In order to obtain the dynamic model for PARA-BRACHY ROB, the virtua work principle has been used:

8W:6qT~r+i8XATﬁ-(E1"+Eg)=0, (16)
i=1

43
where dg” - 7 isthe virtual work of all actuating forces and moments and ZdX T -(T,.’” + T,.g) isthe virtual
i=1
work of inertia forces and gravitation forces corresponding to the equivalent system. The matrices of the in-
ertiaand gravitational forces are defined as follows:

I . B J .
T;' ! z_mMass_i 'XMI- ’ Tig _mMass_i 'G’ Tl :Ti " +Tig = TMppass i (XMI _G) (17)

Considering subsequently each of the mass points M; defined above, the following relation between the ve-
locity vector of the points and the one of the active joints can be written:

A S (18)
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0X,/0q, 0X,]/dq, 0X,/0q; 0X,[dq, ©X,[/dqs OX,]/0qs
J;=|0Y,/0q, 0Y,[0q, 0Y,[0qs OY[0q, OY,[0q5 OY[0qs |,i=1,...,43 (19)
0Z,/0q, 0Z,/dq, 0Z,|0q; 0Z,[dq, 0Z,[0qs OZ,[0qs

Subsequently, the equations (18) can be derived with respect to time leading to the expressions which
characterize the relation between the equations of the active joints accelerations and the ones of each indi-
vidual point of concentrated mass:

X;p=Jp-G+J;-q. (20)

From (16), and using the (17) to (20), the torque vector is obtained:

43
r=->J -(T,-’" +T8 ) (21)
i=0

3. SIMULATION RESULTSAND EXPERIMENTAL TESTS

In areal-case scenario of needle placement inside the patient, the robot moves from a starting (arbitrary)
position and orientation of the needle (point S(X,Ys,Z) and orientation ¢ andéy ) up to an insertion point

1(X;,Y;,Z;) into the patient’s body, position in which the needle is oriented. From this point onward, the
needle isinserted into the patient, using only the needle insertion module up to the target point 7(X,, Yy, Zr)

(inside the tumour).

The analytic algorithm presented in section 1 has been implemented in Matlab using a set of geometric
parameters that fit the experimental model designed and presented in figure 1. b, = 395 mm, b, = 495 mm,
dy = dy =400 mm, [, =170 mm, /; = 67 mm, d,, = 615 mm . The maximum velocity and acceleration for the nee-

dle orientation and position at the insertion point are: v, =20mm/s, a,,. =10mm/s*. During needle inser-
tion, no tissue contact has been considered, leading to a low actuation force in the ggactive joint. For the

proper determination of the resistance force which appears during tissue penetration, a test bench has been
developed, modeling a medically relevant scenario. Thus, a calibrated press, model ZWICK/ROEL has been
used to insert a BT needle into a large chunk of pork meat. The insertion point was selected in the median
region of the meat and driven with a constant speed of 10mm/s. As shown in the graphics, the resulting tissue
resistance reaches peaks of 10.5 N, while the maximum mean value is of about 7.9 N. The considered trajec-
tory is areal-case scenario when target point (tumour) isin the liver. The starting position, the insertion point
and the considered target point coordinates (in mm and degrees) are: Xy =307.5; Ys=800; Zs=400;
¥, =90° 605=60° X,=350;Y,=750;Z, =250 and X, =355.7194; ¥, = 755.0053; Z, = 244.1818. The data
obtained in Matlab, using the Analytical Model (AM) have been compared with the simulation data through
a multibody simulation software — RecurDyn from Siemens NX (MBS), where the friction forces have also
been neglected. The working parameters used in this paper represent the upper limits for speed and accelera-
tion imposed by the BT procedure, leading to the conclusion that the control algorithm of the robot can be
implemented using the simplified inverse dynamic model developed by the authors. Analyzing the simula-
tion plots for these inverse dynamic models, a very good correlation between the two curves is shown, vali-
dating the new inverse analytical model developed in this paper (Fig. 5). The maximum error (Err) between
the values of the two curvesis 5.98% (the error being computed as: Err = |AM - MBS| | AM -100 [%)]).
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Fig. 5 — Forces and torques comparison between the AM — MATLAB (green, continuous line) and the MBS — RecurDyn (black, dashed line).
Experimental tests for the needleinsertion ( gg ).

4. CONCLUSIONS

The goal of the paper is to develop an easy and fast way to compute the forces/torques of the robot for
given laws of motion for the end effector, allowing a better control of the needle position, orientation and
insertion. Using the virtual work and the lumped masses principles, the analytical inverse dynamic model has
been presented in the paper. The experimental data concerning the needle insertion stage show that special
care is needed during the skin penetration where the data shows a force peak which could to needle deflec-
tion. Together with an agorithm which will correlate the insertion speed with the resistance force of the tis-
sues, the authors are confident that the robotic system will be able to perform the task with the required accu-
racy. The developed model has been used to elaborate a MATLAB simulation software on real trajectories
and the results have been compared to those obtained by using a multi-body simulation commercia software.
The errors introduced by using the lumped masses model are small, proving that this methodology can be
applied on alarge scale for parallel robots as an alternative to the classical approaches.
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