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Abstract. The paper presents the dynamic behavior of a 5-DOF parallel robot. The innovative 
modular structure was developed for medical use, especially in brachytherapy for the precise 
positioning of the BT needles in any part of the patient body. The dynamic model presented in this 
paper will enable the development of adequate control algorithms to fulfill the accuracy requirements 
for the task in hand. Knowing the general motion of the end-effector, the inverse dynamics problem is 
solved using an approach based on the general principle of virtual work. Finally the achieved results 
are compared with the Siemens NX dynamic simulations. 
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[ ]Tqqqqqq 54321 ,,,,= – vector of the active joint coordinates; 
( )KKKKK ZYXK θψ ,,,, – Point vector defined by spatial parameters;  

kkkkkkk hedl γϕα ,,,,,, – length and angular parameters; 
[ ]Tqqqqqq 54321 ,,,, δδδδδ=δ  – vector of virtual displacements of the active joint positions; 
[ ]TEEEE ZYXX ,,=  – position vector of a characteristic point of the end-effector; 
[ ]TEEEE ZYXX δδδ=δ ,,  – vector of the virtual displacements of the E point; 
[ ] 28...1,,, == iZYXX T

iiimi
 – vector of coordinates of the lumped masses im ; 

[ ]Tiiim ZYXX
i

δδδ=δ ,,  – vector of the virtual displacements of the im  points; 

[ ] [ ]TT FMoFMoF 5432154321 ,,,,,,,, =τττττ=τ – vector of active forces/moments; 
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– the generalised Jacobi matrix defining the 
transformation between velocity vector of E point and 
the velocity vector of the active joints. 

 

1. INTRODUCTION 

Brachytherapy (BT) is a form of radiotherapy where radiation sources (in form of small sized seeds) 
are placed inside or next to the area requiring treatment, using rigid needles with diameters of 1.6 mm up to 
2 mm and a length up to 250 mm. BT represents the therapeutic index in prostate cancer [1] but even though 
it proved its efficiency in the treatment of cervical, prostate, breast and skin cancer its spread is limited due 
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to its high accuracy positioning requirements. Reference is made to the overview study [2] published in 2010 
during the annual meeting of the AAPM (American Association of Physicists in Medicine), where the 13 
robotic systems developed for prostate brachytherapy were presented, stating the potential of robotic systems 
in BT and the need for the development of a robotic system with a high degree of universality, capable of 
working in different cancer scenarios. This research opportunity was addressed by the authors who propose 
an innovative 5-DOF parallel robotic structure capable to target any tumor located in the thoracic-abdominal 
area of the body. The required accuracy for the procedure accepts a maximum error of 1 mm with regard to 
the targeted point, which is very challenging due to several aspects:  tissue elasticity; needle deformability; 
the variable density and specific penetration resistance of the different tissues that have to be pierced; the 
correlation between the robot workspace and the application task [3].  

H. Bassan built a 5-DOF hybrid robotic system to perform 3D ultrasound guided percutaneous needle 
insertion surgery [4]. The macro stage is responsible for the orientation of the needle with parallel 
mechanism and the micro stage for needle insertion and rotation. Yu et al. presents a 16 degrees-of-freedom 
robotic system, 9 DOF for the positioning module and 7 DOF for the surgery module, developed and 
fabricated for prostate brachytherapy [5]. In [6] another robotic system, entitled MIRAB is a 6-DOF robot 
capable of inserting and rotating 16 needles concurrently with a very high precision. G.S. Fischer et al 
introduced a 4-DOF hybrid robot for real-time control transperineal prostate needle orientation under MRI 
guidance and perform insertion motion manually [7]. Another study [8], presents a model-based dynamics 
equation for the needle movement through the soft tissue. The force estimation calculated through the 
simulated tissue deformation and the dynamic finite element as tissue model, is used as force feedback.  

All the above mentioned aspects encourage a detailed study of the dynamic behavior of the proposed 
robotic structure to enable the definition of proper algorithms in the control system of the robot. Pierrot and 
Reynaud [9] propose a simplified method for the determination of the dynamic model of two parallel robotic 
structures, the DELTA and the HEXA robots. In [10] the authors applied the Lagrangian formalism for a 6-
DOF fully parallel manipulator. The idea was to consider open-loop sub chains of the manipulator and to 
derive their dynamics by the Lagrangian formalism. In [11] are presented the kinematic and dynamic 
analyses, of a class of series–parallel manipulators, known as 2(3-RPS) manipulators. These analyses are 
approached via screw theory and the principle of virtual work. Khalil presents in [12] the inverse and direct 
dynamic models of different robotics systems based on the recursive Newton-Euler formulation. Staicu uses 
recursive matrix relations to develop the inverse kinematic and dynamic model of an orienting gear train 
mechanism [13, 14]. The fundamental principle of virtual work has been used to establish a direct recursive 
determination of the real-time variation of torques for the actuators. 

In [15] the authors present a semi-automated robotic system with 5-DOF developed for brachytherapy 
procedures. The dynamic modelling of this structure is presented in this paper. 

The paper is structured as follows: section 2 describes the mechanical structure of the robotic system; 
section 3 deals with the inverse dynamics analysis of the 5-DOF modular parallel mechanism using the 
principle of virtual work. A comparison of the numerical results obtained by the analytical approach and a 
multibody simulation software (Siemens NX) is also presented in order to validate the results. The 
conclusions of this work are presented in section 5, followed by the acknowledgements and references. 

2. THE INNOVATIVE 5-DOF PARALLEL ROBOTIC STRUCTURE OF BRACHYTHERAPY 

The modular parallel solution [15], proposed for development as a medical robot for brachytherapy 
specific tasks, like the procedure of the needle insertion in patient's bodies, consists of two different modules 
(Fig. 1). The first one has 3-DOF, based on a closed-loop structure, having a spatial construction and is used 
for positioning the mobile platform in the 3D space. The second module with 2-DOF is attached to the 
mobile platform and is used for the orientation of the end-effector. 

The first module, of type 2CRR, is positioned on two lateral perpendicular sides of the fixed frame, on 
one side having two active joints: the translational joint 1q  and the rotational joint 2q . On the other side of 
the fixed frame (perpendicular to the first one) the module consists of an active translational joint 3q  and a 
passive rotational joint. Also the module has 4 revolute passive joints which connect the links in the 
kinematic chains and the mobile platform of the module. The orientation mechanism is connected to this 
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platform, consisting of two active joints, the rotational joint ( 4q ) and the active translational joint ( 5q ). The 
translational motion is transformed in rotational motion by a parallel mechanism (Fig. 1), consisting of two 
passive rotational joints and three links ( 3e , 5d  and 76 dd + ). Through the motion of the two parallel modules, 
the BT needle can be positioned and oriented based on the application requirements. 

Having a separate orientation module fixed to the mobile platform of the positioning module, this robot 
does not need a guiding system in order to work properly, the positioning and orientation of the end-effector 
being achieved by means of five motors. Therefore the 5-DOF modular parallel robot has the advantage it 
can guide and introduce the needles into the patient body. The kinematic representation of the robotic 
structure with 5-DOF is shown in Fig. 1. The robot's main task is the positioning and orientation of its end 
effector, which holds the BT needles and introduces them into the patient’s body, based on the oncologist’s 
control commands. In kinematics terms, this refers to the positioning of a target point ( )EEE ZYXE ,,  in a 3D 
space, following an imposed path. 

 
Fig. 1 – The kinematic scheme of the robot. 

The implicit functions which characterize the relation between the coordinates of the end-effector, PEX  
and the active joints, q:  
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3. THE INVERSE DYNAMIC MODEL 

The fundamental principle of the virtual work states that a mechanism is under dynamic equilibrium if 
and only if the total virtual work developed by all external, internal and inertia forces vanish during any 
general virtual displacement, which is compatible with the constraints imposed on the mechanism. 

The inverse dynamic model, developed in this section, is critical for the studied kinematic structure 
(Fig. 1), considering that the 5 DOF robot is used in medical applications for needle insertion, especially in 
brachytherapy, meaning that the robot will be in direct contact with the human tissues. 

The inputs for the generation of the inverse dynamic model are: the motion laws of the robot's end 
effector on the three coordinates, the inverse kinematic model, the masses of the robot elements and the 
outputs are the forces/torques at the level of the actuators.  

Starting from the principle of lumped masses, the 28 elements of the robot were concentrated in 20 
components, having the masses , 1...20iM i = , which were divided in 28 lumped masses, with a 
distribution as is described in Figs. 2 and 3. The friction forces have been neglected and only the forces and 
moments introduced by the mechanical parts were considered. The following elements are considered: 

• The components which build up the sliding parts of the linear actuators ( 1q  and 3q , Fig. 1) having the 
masses M1 and M6, consists of the actuator’s sliders (1) and (7) with masses Mslider and the connecting 
elements (2) and (8), with masses Mcon_el; 

• The rods of the positioning module (3), (5), (10) and (12), having the masses M2, M4, M8 and M10;  
• The coupling elements of the rods (4), (6), (9) and (11), with the masses M3, M5, M7 and M9; 
• The mobile platform of the positioning module (13), including the bearings (14) and the fixing elements 

(15) of the actuator q4, having the mass M11; 
• The actuator (the motor (16), the gearbox (17) and the connection elements (18)) corresponding to the 

active joint q4, with mass M12; 
• The motor (19) and the gearbox (20) of the linear actuator for the active joint q5, with mass M13; 
• The support element of the linear actuator (21), with mass M14;  
• The fixed part of the linear actuator (22) having the mass M15, including the bearings and the screw; 
• The components (23) and (24), which build up the sliding part of the linear actuator q5, with mass M16; 
• The rod (25) with mass M17, which connect the slider of the linear actuator q5 (23+24) and the final 

element of the orientation module (26); 
• The final element of the orientation module (26) having the mass M18; 
• The telescopic needle holder (27), with mass M19; 
• The needle (28) having the mass M20. 

For the elements having the masses: 1M , 3M , 5M , 6M , 7M , 9M , 11M , 12M , 13M , 16M , the whole 
mass was concentrated in the center of mass of the element. The rest of the elements, namely those having 
the masses: 2M , 4M , 8M , 10M , 14M , 15M , 17M , 18M , 19M , 20M  were considered homogenous bars. The 

im  are the lumped masses of the robot elements and joints, where 28...1=i . Also, the coordinates of the 
lumped masses 28...1,,, =iZYX iii  are determined. 
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Fig. 2 – The distribution of the masses for the positioning module. Fig. 3 – The distribution of the masses  
for the orientation module. 

The coordinates of the concentrated mass points are: 
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Using the principle of the virtual displacements, the virtual work is defined: 
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where τ⋅δ Tq  is the virtual work of all the actuating forces and moments and ( )∑
=

+⋅δ
28

1i

g
i

Tr
i

T
mi TTX  is the sum 

of the virtual work obtained from the inertial forces and gravitational forces corresponding to the equivalent 
system (with 28 lumped masses). The matrices of the inertial forces and gravity are:  
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The sum of the inertial (4) and the gravitational (5) forces, which act in the robotic system is: 

          g
i

Tr
ii TTT +=  or ( )gmii vXMT

i
+⋅−= . (6)

The velocity vector of the 28 lumped masses and the velocity vector of the active joints qi can be written: 

   qJX EPE ⋅=  respectively qJX imi
⋅= . (7) 

The time derivatives of the eq. (8) enable the determination of the acceleration vector, as follows:  

  qJqJX EEPE ⋅+⋅=  respectively qJqJX iimi
⋅+⋅= . (8) 

The virtual displacement at the level of the 28 points of lumped masses are defined with respect to the 
virtual displacements at the level of the active joints, using the eq. (8): 

               qJX imi
δ⋅=δ , and its transposed form T

i
TT

m JqX
i

⋅δ=δ . (9) 

Substituting (6), (8) and (9) in the equation of the virtual work, eq. (4) becomes: 

                      ( )
28

1

δ δ τ δ 0.
i

T T T
i i m g

i

W q q J M X v
=

= ⋅ − ⋅ ⋅ ⋅ + =∑  (10)

Simplifying (11) the equation that defines the torque vector of the actuators is: 

                ( )∑
=

+⋅⋅=τ
28

1i
gmi

T
i vXMJ

i . (11)

4. SIMULATION RESULTS AND VALIDATION OF INVERSE DYNAMICS WITH SIEMENS 
NX 

In order to position the needle in the interest area, the physician’s gives a set of coordinates for the 
insertion and the target points, which defines a simple motion for the end-effector, a linear displacement 
between these defined points. The simulations studied the robot capabilities of moving the end-effector, 
following a linear trajectory between two points in space. 

The simulated trajectory (Fig. 4) represents a linear displacement of the end-effector between two 
points in space. The trajectory was defined by the following coordinates in space, which represents the 
insertion point 23.0 mmiX = − , 462.0 mmiY = , 960.0 mmiZ =  and the target point 53.0 mm,tX = −  

544.0 mm,tY =  912.0 mm.tZ =  This simulated trajectory is similar to a real medical procedure. 
By comparing the simulation plots for the inverse dynamic model (IDM – MATLAB and MBS – 

Siemens NX), the results have shown a very good correlation between the curves, where the forces/torques 
corresponding to the motors 1q , 2q , 3q , 4q  and 5q  have the same rate (shape).  

This validates the inverse dynamics model developed in this paper and shown that this simplified 
analytical model can be implemented in the control algorithm of the robot. 

5. CONCLUSIONS 

The paper presents the inverse dynamic modeling of a modular parallel robot with 5 DOF, which could 
be used for medical applications, namely for brachytherapy. Starting from the mass geometry consideration, 
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which consists in replacing correctly the given multi-body system with dynamically equivalent lumped 
masses, the principle of virtual work was proposed in order to develop the inverse dynamics. The advantage 
of this approach consists in obtaining the inverse dynamic model in an analytical way. The achieved dynamic 
model, using the principle of virtual work is based on a fast computing algorithm, which enable its 
implementation in the control system of the robot. 
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Fig. 4 – Simulation results for a linear displacement between two points in space. 
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