
 

  

Abstract—This paper presents the identification and the 
study of the impact of a real-time MRI-based propulsion and 
tracking system constraints on the step response using a 
discrete PID controller. A simplified model for such a system 
accounts for these constraints which are the time delay, the 
sampling period, and the blood velocity. This application is 
intended for minimally invasive operations within the human 
cardiovascular system.  
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I.  INTRODUCTION 
 
 The MR-Sub (Magnetic Resonance Submarine) project 
consists in guiding and propelling a microdevice in the 
human cardiovascular system using a clinical Magnetic 
Resonance Imaging (MRI) platform for medical purposes 
[1,2]. Catheters being limited by their radius of curvature are 
unable to reach remote areas within the cardiovascular 
system. The MR-Sub offers a technique that could 
compensate for such a constraint. The cleverness of this 
approach consists in extracting the propelling and tracking 
means from the microdevice to alleviate it and make it as 
small as possible in order to reach blood vessels as small as 
capillaries [3,4]. Furthermore, this eliminates the risk of 
malfunction of the embedded propelling and tracking units. 
Instead, the microdevice will be equipped with a 
ferromagnetic core, susceptible of being localized by MRI, 
on which magnetic gradients generated by the MRI coils 
will act to propel it. The feedback control strategy for such a 
system is quite challenging since it will have to ensure that 
the microdevice evolves in a physically constrained 
environment where size and sinuosity must be accounted 
for. More specifically, the microdevice will have to move 
into blood vessels whose diameters vary approximately from 
few µm in capillaries to 3 cm in the aorta. To deal with the 
winding of the vessels, a pre-acquired roadmap will identify 
and segment the path to allow a feedback control over 
segments as linear as possible [5]. In summary, along each 
fragment of the path segmented by the roadmap, and based 
on the distance which separates the targeted position from 
the current position of the microdevice, the compensator 
will have to determine the appropriate amplitude of the 
magnetic gradients along each direction, in order to bring 
the microdevice to destination.  

 
 
 
 

II.  METHODOLOGY 
 
 Due to complexity of the anatomical environment in 
which the microdevice will have to progress, a step-by-step 
approach is adopted in order to reach the optimal design of 
the system. First, a simplified model is considered. Second, 
the results obtained by the simulation of the open-loop 
system are compared with the experimental results. If results 
correlate, a controller is integrated in the closed-loop system 
and calibrated in order to reach the required criterions. 
Otherwise, the model transfer function is deduced from 
experimental results using system identification techniques. 
This algorithm is then repeated again by adding the next 
most significant constraint to the model, until the control of 
a system close to reality is ensured. 
 
 

II.  MODELLING 
 
 A first proposed simplified model accounts for the 
horizontal and vertical navigation of a spherical bead in a 
fluid that would be tested in vitro. The bead which is 
composed of ferromagnetic and non ferromagnetic 
compounds is subjected to four forces. The magnetic force 
is defined as: 
 

( )BMVF mm ∇⋅⋅=  (1) 

 
where Vm is the magnetic volume, M is the magnetization 
ferromagnetic compound, and ∇B is the magnetic gradient 
amplitude. The drag force is expressed as: 
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where ρf is the fluid density, u is the relative speed between 
the  bead and the fluid, At is the cross-section area of the 
bead, and CD is the drag coefficient for a sphere defined as: 
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In Eq. 3, Re is the Reynolds number defined as: 
 

µ
ρ tf du..

Re =  (4) 

 
where µ is the fluid viscosity, and dt the diameter of the 
bead. The infinite sign in Eq. 3 denotes that the expression 
ignores the presence of an enclosed environment in which 
the bead will progress. A constant fluid speed was 
considered. The buoyancy force: 
 

gV  b t ⋅⋅= fρ  (5) 

 
where Vt is the total volume of the bead, and g is the 
gravitational constant. The weight of the bead is defined as: 
 

g)(V W t ⋅+⋅= nm ρρ  (6) 

 
where ρm is the mass density of the ferromagnetic 
compound, and ρn is the mass density of the non 
ferromagnetic compound of the bead. 

The buoyancy force and the weight apply only to the 
vertical motion. Without loss of generality, friction forces 
generated between the bead and the enclosed environment 
bores are ignored here since a state of buoyancy is assumed. 
This state is ensured by the combination of the buoyancy 
force along with the upward magnetic force. The 
ferromagnetic compound used is the Permendur for its high 
saturation magnetization of 1.9496 x 10-6 A/m whose 
density is 8.12 g/cm3. A non ferromagnetic compound of 
equal density and null magnetization is chosen to reflect the 
worst case scenario of the future microdevice.  The opted 
volume of the bead is 13.6 cm3, to be conformed to the 
characteristics of the bead that was used for the latest 
localization experiments. As for the fluid, the blood 
characteristics where chosen to reflect the cardiovascular 
environment. Its density is 1.05 g/cm3 approximately and 
viscosity is 0.0035 P. 

Besides these forces, six meaningful constraints related 
to the 1.5 T Siemens Avanto clinical MRI system (used for 
the experimental tests) have to be taken into account. First 
and foremost, the maximum peak-to-peak magnetic gradient 
is 80 to 90 mT/m along the horizontal axis, and 80 mT/m 
along the vertical axis. For simulation purposes, a maximum 
peak-to-peak magnetic gradient of 174 mT/m was assumed 
for the vertical axis, a value just enough to pull the bead 
upward in a null flow. Second, in order to avoid overheating 
of MRI gradient coils, a duty cycle of 10 ms ON / 2 ms OFF 
is considered. This is equivalent to 83 % of the available 
magnetic force with a 100 % duty cycle. Third, the 
estimated minimal time required by a novel positioning 
technique (developed in our laboratory) to apply a special 
pulse sequence (tgpos) in order to acquire the unidirectional 

dynamic position of the bead is 8 ms. Fourth, until now, it 
has not been proven that the gradients for positioning can be 
generated simultaneously with the magnetic propulsion 
gradients, therefore, the generation of the first gradients 
must be cancelled during the generation of the latter ones, 
and vice versa. This constraint is designated by the dead-
time (DT). Fifth, the delay (d) is the sum of the required 
time to determine the coordinates of the position (tcoord), to 
perform the task of the controller (tcont), and to convey the 
information between the different units of the system (tcom). 
These equates to an estimated delay of 12 ms where tcom 
predominates. Sixth, a maneuvering area of 40 cm in radius 
which delimits the homogeneity region of the MRI system 
must be respected. 
 
 

II.  CONTROLLER 
  

Initially, a PID controller with filtered derivative is 
selected for its simplicity and the ease to identify the impact 
of the forces and constraints on the system response. Its 
transfer function is expressed in Laplace transform as: 
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where U represents the command, E is the distance 
separating the targeted position of the bead from its current 
position, KP is the proportional gain, Ti is the integration 
time, Td is the derivative time, N is the fraction of command 
signal high frequency limiter of derivative action [6]. The 
digital transfer function of (5) is expressed by: 
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where the following z-transform is applied along with 
Euler’s approximation methods [7]: 
 

[ ][ ]ssKLZz /)()1(K(z) 11 −−−=  (9) 

 
To reduce the windup effect generated by the integral 

gain, a saturation block corresponding to the anti-windup 
was included. In (6), h denotes the sampling period for a 
proper feedback control that abide by: 
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Limited circulation. For review only.

Preprint submitted to 27th IEEE EMBS Annual International Conference.
Received May 2, 2005.



 

A trial and error method [8] was used to tune the PID 
parameters based on transient step response specifications, 
and led to the following settings: KP = 6.5, Ti = 5, Td = 0.04, 
and N = 10. A target of 10 cm away from the starting point 
is chosen with the available physical constraints mentioned 
in the preceding section. This distance represents the 
fragment’s distance determined by the roadmap. Although 
the importance of transient response specifications is not 
apparent for unidirectional path, these must be taken into 
account since they will be significant when dealing with 2D 
and 3D paths. Among the several specifications identified 
by [9], the steady state error (ess), the maximum percent 
overshoot (MP), the ripples (rip) peak-to-peak amplitude, 
and a reasonable rise time (tr) where taken into 
consideration (enumerated by order of importance).  

     
III.  RESULTS 

 
When propelled from rest along the horizontal axis with 

a maximum magnetic gradient of 40 mT/m, the bead can 
sustain an opposite fluid speed of 39.8 cm/s approximately 
where only the duty cycle is being considered among the 
cited constraints. This speed value was determined through 
open-loop simulations using Matlab/Simulink. The results 
presented here were generated using a variable-step 
continuous solver along with an ode45 integration method. 
An automatic maximum step size was chosen since the 
processing time of the computer architecture discussed in 
[10] is currently unknown. Ripples of less than 1 µm in 
amplitude were ignored. In the presence of ripples, an 
average ess was computed. The Simulink block diagram of 
the discrete closed-loop control system is illustrated in Fig. 
1. 
 

 
Fig. 2.  Maximum percent overshoot (MP), steady state error (ess), ripples 

(rip) peak-to-peak amplitude as a function of the delay of the step response, 
where d = 0, with duty cycle, without DT, vf = 0, h = 25 ms, for a 

horizontal propulsion. 
 

 
 

Fig. 1.  Block diagram of the discrete closed loop control system. 
 

IV.  DISCUSSION 
 
 Fig. 4 depicts the impact of the fluid speed on the step 
response. A negative speed indicates that the bead is moving 
opposite to the direction of the flow to reach the target, 
whereas a positive speed indicates that the bead’s direction 
is the same as the flow direction. That explains the absence 
of overshoot for negative speed, where the controller 
immediate reaction is tempered by the opposing flow 
direction.  Fig. 2, shows that as the delay gets closer to the 
sampling frequency, the step response is drastically 
deteriorated. By comparing Fig. 2 to Fig. 3, it can be 
inferred that, as the delay is increased, the DT accelerates 
the emergence of the response deterioration. Fig. 5 
emphasizes the importance of the sampling period which is 
the parameter that must be determined by the control 
designer to reach an optimal navigation. The results for the 
vertical positioning were not included here since they 
correlate with those of horizontal positioning. This 
correlation is foreseen since the additional forces considered 
vertically are linear. 
 
 
 
 
 

 
Fig. 3.  Maximum percent overshoot (MP), steady state error (ess), ripples 

(rip) peak-to-peak amplitude as a function of the delay of the step response, 
where d = 0, with duty cycle, with DT, vf = 0, h = 25 ms, for a horizontal 

propulsion.  
 

Limited circulation. For review only.

Preprint submitted to 27th IEEE EMBS Annual International Conference.
Received May 2, 2005.



 

 
 

Fig. 4.  Maximum percent overshoot (MP), steady state error (ess), ripples 
(rip) peak-to-peak amplitude as a function of the fluid speed of the step 
response, where d = 0 ms, with duty cycle, without DT, h = 25 ms, for a 

horizontal propulsion. 
 
 

V.  CONCLUSION 
 
 Future developments within the MR-Sub project involve 
the use of the oximeter to determine the instantaneous fluid 
speed within the blood vessels at each step in the path. This 
reading will have to be synchronized along with the 
roadmap as well as with the pulse prior to intervention. This 
would definitely render a more robust control. A worthwhile 
study would be to correlate results between large and small 
scales models. 
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Fig. 5.  Maximum percent overshoot (MP), steady state error (ess), ripples 
(rip) peak-to-peak amplitude as a function of the sampling time of the step 
response, where d = 12 ms, with duty cycle, with DT, vf = 10 cm/s, for a 

horizontal propulsion. 
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