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Design and Qualification
of a Parallel Robotic Platform
to Assist With Beating-Heart
Intracardiac Interventions
Using robotic systems to assist with sophisticated medical interventions such as aortic
valve replacement under beating heart conditions necessitates the development of dexter-
ous manipulators to ensure a safe and reliable operation. These mechanisms should not
only be capable of tracking the desired trajectories with a high level of accuracy but also
need to cope with strict medical constraints such as environment compatibility, patient
safety and compactness. In this paper, we propose to design and experimentally qualify a
robotic platform that takes into account the aforementioned requirements. Benefiting
from the features of a parallel architecture, this four degrees of freedom (DOF) magnetic
resonance imaging (MRI)-compatible patient-mounted and cable-driven manipulator
(ROBOCATHETER) seeks to steer cardiac catheters under beating heart condition, while
suitably addressing the deficiencies that currently used manipulators vastly suffer from.
In addition to the detailed description of the robot design and its dedicated power trans-
mission system, we also present the derivation of the robot’s forward and inverse kine-
matic equations. The control algorithm implemented for the system actuation is a
varying-gain proportional-integral-derivative (PID) controller, whose tracking perform-
ance will be examined. [DOI: 10.1115/1.4026334]

1 Introduction and Motivation for This Work

Design and experimental validation of robotic manipulator-
based platforms to assist with MRI-guided surgical procedures
have been examined over the past decade. These procedures cover
a wide range of operations from neurosurgery [1] to prostate nee-
dle placement [2]. Recently, trans-apical approach for performing
beating-heart interventions has attracted the attention of many
researchers. This approach significantly reduces the side effects in
cardiopulmonary bypass procedures and results in a faster patient
recovery [3]. The results of using an MRI-guided robotic system
for trans-apical aortic valve implantation under beating-heart con-
dition are reported in Ref. [4]. Later, this system was integrated
with a novel pneumatically actuated valve delivery module and its
performance was evaluated through ex-vivo experiments in Ref.
[5]. In a parallel study, a conceptual system design aimed for
robot assisted MRI-guided aortic valve replacement was proposed
in Ref. [6]. Focusing on beating-heart procedures, the authors in
latter studies proposed to use MRI for guiding robotic manipula-
tors in sophisticated heart surgeries. The objective of the present
study is to propose an MRI-compatible robotic platform that can
assist with aortic valve implantation under beating-heart condi-
tions. To accomplish this goal as described in Ref. [6] and
depicted in Fig. 1, if the catheter passes through the apex and the
steering point, the aorta would be accessible simply by bending
the proximal part of the tool. The insertion and bending part is

handled by another mechanism, whose description and functional-
ity is not within the scope of this paper. The interested reader is
referred to Ref. [7] for the design and analysis of this module. The
current platform objective is to sought to steer the catheter such
that it would passes through the apex and steering point.

Considering the existing challenges in the design and operation
of the aforementioned systems, the proposed mechanism is aimed
to improve the quality of such robotic procedure. To make the
actuation system MRI-compatible, several solutions have been
proposed in the literature. Manual actuation [8], use of hydraulic
cylinders [9], and utilizing pneumatic systems as the source of
actuation [10] are some of the alternatives for magnetic motors
for this purpose. Some of the major drawbacks of implementing
these methods include lack of precise navigation, fluid leakage in
cylinders and limited stiffness of motors as the consequence of air
compressibility [11]. Most of the recent MRI-compatible actua-
tion systems utilize piezoelectric motors, in which motion is pro-
duced through the vibration of piezoelectric ceramics. Although
these motors are magnet-free, image artifacts are observed due to
the high frequency electric currents [12]. To avoid the afore-
mentioned issues, in this study, we use conventional electric
motors and place them far from the sensitive areas to make
ROBOCATHETER fully MRI-compatible. In order to transfer the
generated torque to the robot’s joints, a cable transmission system
is proposed and implemented. The proposed system configuration
allows each link to be actuated in both directions only by revers-
ing the rotation in the corresponding motors.

While the design and qualification of patient-mounted robotic
platforms for MRI-guided interventions have been previously
examined for applications such as percutaneous needle placement
[13], to the best of our knowledge, no such system has been so far
introduced for intracardiac interventions in the literature.
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Mounting the platform on the patient not only helps the system
cope with relative chest motion with respect to the fixed frames
but also achieves compactness of the design. This is accomplished
by restricting the platform size and eliminating the need of large
links stretching from the patient’s chest to the manipulator base
outside the MRI bore. In this paper, we first describe the proposed
design of the mechanism and the transmission system. Then, we
present the derivation of the forward kinematics of the manipula-
tor, as well as the inverse kinematic equations to allow for track-
ing of any arbitrary trajectories inside the workspace (in our case
left ventricle (LV)). This section is followed by the development
of an experimental test bed to examine the actuation of all the
DOF associated with the manipulator by utilizing four DC motors
controlled using a variable-gain PID controller. The results dem-
onstrate the successful trajectory tracking of ROBOCATHETER
which is essential to successfully perform aortic valve implanta-
tion procedure. Our other studies of ROBOCATHETER are as
follows. The design and control of a haptic device for teleopera-
tion of the catheter was investigated in Ref. [14]. The actuation of
the platform using stepper motors was investigated [15]. In Ref.
[16], ROBOCATHETER was used in a master–slave configura-
tion. In Ref. [17], a model-based control of the system was stud-
ied, using a gain-scheduling approach.

2 Design of the Platform

In this section, we describe the details involved in the design
and actuation of ROBOCATHETER. The objective is to design a
mechanism that allows in-plane positioning and orientation of the
catheter’s tip, which necessitates the development of a 5-DOF ma-
nipulator. However, since the end effector is axisymmetric, one
DOF could be omitted leading to a 4-DOF mechanism. The pro-
posed design is partly inspired by earlier works in Refs. [18,19].
To further enhance the performance of these systems and to de-
velop a robotic platform that is highly-customized for an opera-
tion such as aortic valve implantation, the proposed platform has a
cylindrical structure and uses journal bearings in the rotational
motion to reduce friction. It also employs a cable-driven force
transmission system to make the actuation system MRI compati-
ble. Furthermore, it is patient-mounted and the size of the plat-
form allows its use in MRI scanner bore. Finally, the design helps
to further customize the platform to properly match the kinematic
requirements discussed earlier.

2.1 Mechanism Design. The detailed mechanical design of
ROBOCATHETER is depicted in Fig. 2. Two identical cylindri-
cal mechanisms interconnected vertically form the basic architec-
ture of the robot. Each subsystem consists of a fixed outer ring
and a rotating inner ring. The outer cylinder is attached to the cas-
ing and hence forms the platform base. A radial bearing at the bot-
tom section of each level makes it possible for the inner rings to
rotate with respect to the base. The remaining two DOFs generate

the linear motion for the two carriers sliding over the guide bars.
The aforedescribed rotational motions along with the two pris-
matic DOFs form the desired four active DOFs expected from the
mechanism. Each carrier has a universal joint at its center that
acts like a liaison between the platform and the catheter. These
passively actuated universal joints can eventually place the cathe-
ter in any desired orientations. While the distance between the
catheter’s tip and the lower universal joint is kept constant, the
distal end of the catheter is left to move freely with respect to the
upper joint.

2.2 Actuation System Design. Placement of the actuators
outside the MRI scanner area enables the employment of conven-
tional electric motors to drive the robot joints. However, this
arrangement necessitates the development of a power transmis-
sion system that allows the remote control of the platform. The
transmission system is composed of two closed chains of plastic
ropes for each level of the platform. Figure 3 demonstrates the
transmission system for one of the levels. Here, r indicates the
position of the carrier and h is the angle of rotation of the ring,
with the positive direction shown in Fig. 3. In this configuration,
the closed chains numbered 1 and 2 correspond to linear and rota-
tional DOFs, respectively. These chains transmit the power from
the DC motors (numbered 5 and 6) to the corresponding connec-
tion points on the mechanism (numbered 3 and 4). Different sets
of pulleys considered in between (e.g., number 9) not only guide

Fig. 2 Parallel mechanism architecture (top), and its expanded
view (bottom)

Fig. 1 Landmarks used in reaching aortic annulus
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the cables to pass the desired paths (e.g., numbers 7 and 8) but
also significantly reduce friction. It is noted that when the inner
ring rotates due to the actuation of motor 6, there is no relative
motion between cable 2 and the ring, and hence no friction is cre-
ated. However, a relative motion between cable 1 and the inner
ring occurs when the carrier is actuated by motor 5 or when the
ring rotates. Therefore, the movement of this cable is subjected to
the friction force. This is the reason why in Fig. 3 the pulleys are
arranged only along a semicircle. In order to perform the catheter
positioning task, the position of the carriers at each level, that is,
the rotation angle of the rotating ring and the displacement of the
carrier in the corresponding coordinate system are required. To
achieve this, we equipped the motors with encoders attached
directly to the motor shafts. Referring to Fig. 3, the encoder
attached to motor 6 determines the angle of rotation to be
h ¼ ðR0=RÞh6, where R0 is the radius of the pulley, R is the radius
of the rotating ring and h6 is the angle of the motor shaft 6
obtained from the encoder data. In addition, the encoder attached
to the shaft of motor 5, is used to determine the position of the car-
rier, i.e., r. Prior to the description of the associated equation, the
coupling effect between the two DOFs needs to be investigated.
To describe this coupling, we assume in Fig. 3 that motor 5 is
locked and that motor 6 rotates counter clockwise. Consequently,

cable 1 remains motionless but cable 2 pulls point 4 and rotates
the ring. The rotation reduces the tension in cable 1 between point
3 and pulley 8, while the other portion of the cable is tightened.
As a result, the carrier tends to move away from pulley 8 as if
motor 5 rotated clockwise. The length of dislocation is equal to
r ¼ �R0h6. Therefore, the encoder signal from motor 5 should be
modified to yield the correct displacement of the carrier. The dis-
placement of the carrier in the corresponding coordinate system is
calculated to be r ¼ R0h5 � R0h6, where h5 is the angle of motor
shaft 5.

3 Kinematic Equations

In this section, we develop the forward and inverse kinematic
equations of the proposed parallel architecture.

3.1 Forward Kinematics of the Parallel Platform. To
derive the equations corresponding to the forward kinematics of
the proposed mechanism, four different frames as depicted in
Fig. 4 are defined: (1) base frame fBg which is fixed in the univer-
sal coordinate system and its Z-axis is in vertical direction, (2)
lower frame fLg which is attached to the center point of the lower
cylinder with its Z-axis being along the vertical direction and the
X-axis coinciding with the lower level linear direction, (3) upper
frame fUg which is the same as the lower frame except that it is
placed at the center point of the upper cylinder with its X-axis
being along the upper sliding bar’s center line, and (4) end effec-
tor base fEg which is attached to the catheter’s center of mass
with its Z-axis being along the catheter long axis. In addition to
the aforementioned frames, there are two additional frames fUEg
and fLEg that have the same orientation as fUg and fLg do but
are attached to the universal joint’s center points in the upper and
lower levels, respectively. For each coordinate system, e.g., fBg,
we denote the unit vectors indicating principal directions by
X̂B; ŶB, and ẐB. In addition, BPu and BPl are two position vectors
described in frame fBg (left superscript B) that point to the loca-
tion of catheter carriers in upper (subscript u) and lower (subscript
l) levels, respectively. By taking advantage of the relationship
between them, the forward kinematics of the system can be
described as follows:

Fig. 4 The coordinate system used in deriving the kinematic equations

Fig. 3 Transmission system
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BPu ¼ B
URUPu þ BTUORG (1)

where B
UR is a mapping that represents the rotation of fUg relative

to fBg and BTUORG is a vector that represents the origin of frame
fUg relative to fBg. From Eq. (1), we have

BPu ¼
p cos hu

p sin hu

kBTUORGk

2
64

3
75; (2)

where k:k indicates the Euclidean norm of a vector, hu represents
the rotation of the upper cylinder about vertical axis and p is the
distance between the carrier and the upper cylinder’s center point,
where fUg is attached. These joint parameters will be actively
controlled when the catheter is manipulated. An alternative way
to locate the upper tool holder is through the end-effector frame
fEg using

BPu ¼ B
ER EPu þ BTEORG (3)

where B
ER represents the orientation of the catheter, EPu is the

upper holder position vector in fEg and BTEORG is the vector that
describes the origin of frame fEg relative to fBg. Substituting for
EPu and BTEORG, results in

BPu ¼ B
ERlẐE þ

q cos hl

q sin hl

kBTLORGk

2
64

3
75 (4)

where hl and q play the same role as hu and p in Eq. (2) except
that they are related to the lower level of the platform. In addition,
in Eq. (4), l is the length of the catheter between the lower and
upper holders that may change with time and BTLORG represents
the origin of frame fLg relative to fBg. From Eqs. (2) and (4), we
have

B
ERlẐE ¼

p cos hu � q cos hl

p sin hu � q sin hl

h

2
64

3
75 (5)

where h ¼ kBTUORGk � kBTLORGk is the vertical distance between
the upper and lower cylinders. Since any 3� 3 rotation matrix can
be described by three independent parameters, (5) contains four
unknowns including B

ER and l. Since the catheter does not rotate
about its long axis, it only has two rotational DOFs. By choosing
a proper representation of its orientation, the number of unknowns

in (5) can be reduced to three and hence the forward kinematics
problem becomes solvable. The X-Y-Z Euler angles representation
is used for this purpose [20]. Based on this representation, the final
orientation of the catheter is

RX0Y0Z0 ða; b; 0Þ ¼
cos b 0 sin b

sin a sin b cos a � sin a cos b

� cos a sin b sin a cos a cos b

2
64

3
75 (6)

Substituting Eq. (6) in Eq. (5) for B
ER results in

l sin b ¼ p cos hu � q cos hl (7a)

l sin a cos b ¼ q sin hl � p sin hu (7b)

l cos a cos b ¼ h (7c)

Solving the above equations results in the orientation parameters
as

a ¼ arctan
q sin hl � p sin hu

h

� �
(8a)

b ¼ arctan
p cos hu � q cos hlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ ðq sin hl � p sin huÞ2
q

0
B@

1
CA (8b)

We denote the apex and steering point shown in Fig. 4 by
BPa ¼ ½xa; ya; za�T and BPs ¼ ½xs; ys; zs�T . Since the apex and the
steering point are in-plane positions of two arbitrarily chosen X-Y
planes, among the six parameters of BPa and BPs, za and zs can be
assumed to be known. By describing the four remaining parame-
ters in terms of joint-space parameters, the forward kinematics of
the robot is obtained. Starting with the apex we have

BPa ¼ BPl þ n

cb 0 sb

sasb ca �sacb

�casb sa cacb

2
6664

3
7775

0

0

1

2
6664
3
7775 ¼

q cos hl

q sin hl

kBTLORGk

2
6664

3
7775

þ m

sb

�sacb

cacb

2
6664

3
7775 (9)

where the scalar m ¼ ðza � kBTLORGkÞ=ðcos a cos bÞ. Substituting
for a and b from Eq. (8), we obtain

xa ¼
h2q cos hl þ ðza � kBTLORGkÞð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ ðq sin hl � p sin huÞ2

q
Þðp cos hu � q cos hlÞ

h2

ya ¼
hq sin hl � ðza � kBTLORGkÞðq sin hl � p sin huÞ

h

(10)

Substituting za with zs in Eq. (10), the parameters of the steering
point BPs, that is, xs and ys are determined. These four in-plane
coordinates, as well as the known parameters za and zs provide the
forward kinematics of the manipulator.

3.2 Inverse Kinematics of the Parallel Architecture. The
primary objective in obtaining the inverse kinematics of any

robotic platform is to relate the task space with the joint space.
This enables the controller to position and orient the end effector
by adjusting the joint parameters. To obtain the inverse kinematic
equations for the proposed platform, the frame fEg attached to the
end effector is described based on the positions of the apex BPa

and steering point BPs. These target points are illustrated in Fig. 4.
The principle direction of fEg is defined to be

021004-4 / Vol. 6, MAY 2014 Transactions of the ASME
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ẐE ¼
BPa � BPs

kBPa � BPsk
; ŶE ¼

X̂B � ẐE

kX̂B � ẐEk
; X̂E ¼ ŶE � ẐE

(11)

To obtain the joint parameters hl and q, the above equations
along with the position of the mentioned pair of tracking points
are utilized as follows:

BPl ¼ BPs þ nẐE (12)

where n is the distance between the steering point and the lower
career along the end effector. The dot product of Eq. (12) with ẐB

results in

BPl � ẐB ¼ BPs � ẐB þ nẐE � ẐB (13)

Since it is more convenient to express the location of the apex and
steering point with respect to a physical reference, it is assumed
that the origin of the base frame coincides with the center of the
lower level which results in BPl � ẐB ¼ 0, and hence
n ¼ �ðBPs � ẐBÞ=ðẐE � ẐBÞ. Substituting ẐE from Eq. (11) into
Eq. (12) with further simplifications result in

BPl ¼
BPsðẐB � BPaÞ � BPaðẐB � BPsÞ

ðBPa � BPsÞ � ẐB

¼ ẐB � ðBPa � BPsÞ
ðBPa � BPsÞ � ẐB

(14)

using the fact that a� ðb� cÞ ¼ bða � cÞ � cða � bÞ. Knowing
BPl, the lower level joint parameters are

q ¼ kBPlk ¼ k
ẐB � BPa � BPsð Þ
ðBPa � BPsÞ � ẐB

k (15a)

hl ¼ arctan

ẐB � ðBPa � BPsÞ
ðBPa � BPsÞ � ẐB

� ŶB

ẐB � ðBPa � BPsÞ
ðBPa � BPsÞ � ẐB

� X̂B

0
BBB@

1
CCCA (15b)

Similarly for hu and p, we obtain

p ¼ kBPuk ¼ k
hðBPa � BPsÞ þ ẐB � ðBPa � BPsÞ

ðBPa � BPsÞ � ẐB

k (16a)

hu ¼ arctan

hðBPa � BPsÞ þ ẐB � ðBPa � BPsÞ
ðBPa � BPsÞ � ẐB

� ŶB

hðBPa � BPsÞ þ ẐB � ðBPa � BPsÞ
ðBPa � BPsÞ � ẐB

� X̂B

0
BBB@

1
CCCA (16b)

3.3 Singularity Analysis. Singular points are those of task
space for which there is no unique solution to the joint parameters
to obtain a desired velocity. In order to determine the singular
points, we first find the Jacobian matrix which defines a linear
mapping between the vector of joint velocities and the vector of

end-effector velocities, that is _xa; _ya; _xs; _ys½ �T¼ J4�4 _q; _hl; _p; _hu

h iT
.

The set of those parameters for which the matrix J becomes rank-
deficient represents singularity. From Eq. (10), the elements of Ja-
cobian matrix is expressed as

J11¼
za�kBTLORGk

h2

 
ðqsinhl�psinhuÞðpcoshu�qcoshlÞsinhlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þðqsinhl�psinhuÞ2
q

�coshl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þðqsinhl�psinhuÞ2

q !
þ pcoshl;

J12¼
za�kBTLORGk

h2

 
ðqsinhl�psinhuÞðpcoshu�qcoshlÞqcoshlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þðqsinhl�psinhuÞ2
q

�qsinhl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þðqsinhl�psinhuÞ2

q !
�qsinhl;

J13¼
za�kBTLORGk

h2

 
�ðqsinhl�psinhuÞðpcoshu�qcoshlÞsinhuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þðqsinhu�psinhuÞ2
q

�coshu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þðqsinhl�psinhuÞ2

q !
;

J14¼
za�kBTLORGk

h2

 
�ðqsinhl�psinhuÞpcoshu�qcoshlÞpcoshuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þðqsinhu�psinhuÞ2
q

�psinhu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þðqsinhl�psinhuÞ2

q !
;

J21¼ 1�za�kBTLORGk
h

� �
sinhl; J22¼ 1�za�kBTLORGk

h

� �
qcoshl;

J23¼
za�kBTLORGk

h
sinhu; J24¼

za�kBTLORGk
h

pcoshu (17)

and J31, J32, J33, J34 and J41, J42, J43, J44 are obtained by substitut-
ing za with zs in Eq. (17), respectively. It is apparent that for q¼ 0,
second column of J becomes zero and its rank decreases. Simi-
larly, for p¼ 0, the forth column is zero and reduces the rank of J.
Thus, singularity takes place when a carrier passes through the
center of the corresponding ring, wherein there are infinitely many
solutions to the angular joint parameters. To examine if there are
any other combinations of joint values resulting in work space sin-
gularity, a numerical analysis can be conducted. to this end, we
first grid the joint space and then calculate the least singular value
of the Jacobian matrix, namely rðJÞ. At each point where this
quantity is zero, the rank of the Jacobian matrix is not full and
that position denotes a singularity. Since we have four parameters,
namely p, q, hl, and hu, in order to demonstrate this analysis, we
plot rðJÞ with respect to p and q while at each point a 2D search
over hl and hu has completed. Figure 5 shows the numerical result
and indicates that only for p¼ 0 or q¼ 0 singularity happens.

4 Experimental Result

Figure 6 (left) shows the experimental setup built to evaluate
the system performance. Figure 6 (top-right) is the designed
mechanism to adjust the tension in the platform. In this mecha-
nism, there are two sets of fixed and mobile pulleys for each level.
The latter one slides through a slot to loosen or tighten the nylon
cable so that the appropriate tension can be achieved. Figure 6
(bottom-right) shows the mounting of the DC motor in this plat-
form. In this setup, we use four DC motors to fully actuate the
platform. The shafts of the motors are attached to the pulleys by
means of couplers. The cables are wrapped around the pulleys
twice to avoid slippage. DC motor encoders are utilized to mea-
sure the position of the shafts. In this setup, we use dSPACE as
real-time control and data acquisition system. We consider resid-
ual masses added on the distal end of the catheter to examine the
performance of the controlled system in the presence of additional
weights on top of the catheter. This weights represent a module
that will be later used to insert the catheter inside the left ventricle
and to handle the bending section. The cables used are nylon
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fishing lines, 1 mm in diameter and with Young modulus of
5 GPa. To adjust the pretension value and estimate the dynamic
tension in the cables, fiber optic sensors are used, where the data
from an optical sensor interrogator, built in-house, is logged and
analyzed in LABVIEW. Considering the stress–strain relation for
plastic strings, this data are converted into force and used to calcu-
late the tension in the cables.

4.1 Evaluation of the Design and Set Point Tracking. In
this section, we evaluate the performance of the system. First, the
step response of the system is examined. To simplify the interpre-
tation of the plots in this section, the step responses shown here
refer to the cases, where the lower level of the platform is kept
motionless and the orientation of the catheter is varied by actuat-

ing the upper carrier’s linear DOF. In this experiment, an extra
masses of 1 kg is added on top of the catheter to account for the
equipments/tools that will be installed on top of the end effector.
By adding residual masses on top of the catheter, the system non-
linearities become more obvious. In fact, the transient response of
the platform changes according to the angle that catheter makes
with the vertical axis. Due to this nonlinear behavior, we found
that it is not feasible to have a single set of PID control gains that
can guarantee the desired performance over all the operating con-
ditions, as well as all the desired set points. The results of this
case study suggest that in order to obtain the desired performance
over a range of set points and operating conditions, different sets
of PID gains should be tuned. To this aim, the distance of the
holder from the origin is segmented into six regions and a look up
table is developed to schedule the PID gains associated with each
segment. Shown in Fig. 7 is the system response using a PID con-
troller with variable gains.

4.2 Trajectory Tracking. In order to evaluate the effective-
ness of the system in providing the task space required for aortic

Fig. 5 Jacobian matrix sensitivity analysis

Fig. 6 Experimental setup including: (1) platform, (2) marker/mass weight, (3) DC motors, (4) transmission system, (5) motor
driver board, (6) dSPACE real-time control and data acquisition system, (7) power supply, (8) camera, (9) control desk, (10)
optical sensor interrogator, (11) LabView interface, (12) fiber optic sensors bundle, (13) sensor-cable connection point (14)
optical encoder (15) DC motor (16) gearbox (17) coupler and pulley (18) stand (19) tension adjustment mechanism (20) sliding
pulley, and (21) fixed pulley

Fig. 7 Response of the system with a residual mass
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valve implantation in beating-heart interventions, the performance
of the controlled system to track reference trajectories is examined
here. In a typical motion control problem, two reference inputs for
the steering point and apex are given, from which the correspond-
ing trajectories for each joint is determined uniquely by means of
inverse kinematics. Next, by actuating the joints, the end effector
is steered so that the desired motion is generated. In the first test,
we directly use the motor encoders to measure the joints coordina-
tions. Figure 8 demonstrates the reference and actual task space
traveled by the robot in an arbitrary mission. It is noted that in this
experiment, the left and right actuation systems are placed about
1 m away from the robot to demonstrate the ability of the system
to operate with long cables. The maximum tracking error is com-
puted to be 1.7 mm in the apex path and 1.8 mm in the steering
path. While in this experiment we measure the encoder signals as
the feedback signal, in the second test we use the image data to
mimic the use of MR imaging in a real intervention. To this aim, a
red spot is attached on top of the end effector and a camera is in-
stalled over the test bed. To minimize the image noise, the back-
ground of the robot is covered with white sheet. The online image
processing algorithm identifies the colored point in the scene and
sends that data as the feedback signal. Since the camera frame per
second is low (15 fps), a low speed test is executed. Unlike the
first test, we assume that reference trajectory corresponds to the

tip of the end effector. Additionally, in order to have a unique
motion, we fix the lower level at the origin. The result of this
experiment is shown in Fig. 9, where a sector is traveled. The
maximum error in this mission is computed to be 1.5 mm.

4.3 Tension Adjustment. One of the parameters that influen-
ces the performance of the cable-driven robotic systems is the
value of pretension in the cables. The selection of this parameter
affects the system response, as well as the control effort, and
hence it should be carefully adjusted to ensure an optimized per-
formance. To test the designed mechanism, we performed addi-
tional experiments, where fiber optic sensors were attached to the
cables as discussed earlier to measure the tension. Figure 10 (top)
shows the variation in the cable tension while set point tracking is
being sought as in Fig. 10 (bottom). During the actuation period,
the tension increases in the portion of the cable that is pulled and
reduces in the opposite side of the cable. Since no portion of the
cables should be left with zero tension, our first conclusion about
pretension adjustment is that it should be set such that the
dynamic tension never drops to zero. In other words, the profile
shown in Fig. 10 (top) should never cross zero. While this con-
straint leads to a lower bound on the pretension value, an upper
bound can be determined by analyzing the response for pretension
values, above which undesired effects are observed. Figure 10
(bottom) illustrates the transient response of the platform under
different tension adjustments. Exceeding the upper bound tension
leads to a longer settling time and also increases the steady-state

Fig. 8 End effector loci

Fig. 9 Trajectory tracking using image feedback

Fig. 10 Tension in the cables (top plot); system response for
different pretensions (bottom plot)
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error. Therefore, the initial tension should be set to a value
between the two bounds such that the requirements discussed
above are met. We set the pretension to 0.8 N.

5 Conclusion and Future Work

Medical interventions under beating-heart condition through a
trans-apical approach offer several advantages including the
patient’s faster recovery compared to the traditional procedures.
However, several issues including the dynamically moving work-
space need to be carefully addressed to achieve the desired out-
comes. In this paper, we propose the design of a robotic platform
that could fit the requirements of those sophisticated and
minimally-invasive interventions. Being equipped with MRI as
the imaging modality, ROBOCATHETER is capable of position-
ing and orienting the cardiac catheter to avoid collision between
the interventional tool and the internal organs under beating-heart
condition. Operational needs such as MRI-compatibility, chest
relative motion compensation, accuracy, and compactness are
addressed in the design of the platform. The experiments collec-
tively illustrate the effectiveness of a variable-gain PID controller
in canceling out the coupling and providing reference input track-
ing. The effectiveness of the proposed design in spanning the task
space needed for aortic valve implantation in beating-heart inter-
ventions is successfully confirmed through a trajectory tracking
experiment.
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