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Fig. 1.  The catheter’s tracking system with a tri-axes MTJ 
sensor on the tip and wired to the handle at the catheter’s end 
“Image by Ivan Gromicho, KAUST”. 
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Abstract— A cardiac catheterization procedure is a 

minimally-invasive surgery, which is employed in case of various 

cardiovascular conditions and requires a high precision. The 

method relies heavily on x-ray imaging and contrast dyes to 

guide the catheter inside the blood vessels, posing risks to 

patients and the medical staff. Thus, a miniaturized tri-axes 

magnetic sensor is developed for orientation monitoring using the 

Earth’s magnetic field, to assist the guiding of the catheter. The 

magnetic sensors are realized by flexible magnetic tunnel 

junctions on ultra-thin silicon substrate, ensuring a high 

sensitivity to magnetic fields. These flexible sensors have a 

bending endurance of over 1000 cycles without signs of fatigue. 

Three sensors are mounted on the tip of a catheter, implementing 

a sensor-on-tube concept for orthogonal 3-axes measurements. 

The sensors have an MR ratio of 29% and a high sensitivity of 

about 9 Ω/°. With a weight of only 16 μg and a thickness of 4 μm, 

each sensor adds a negligible weight and increase in size, making 

them attractive for applications, where extreme miniaturization 

is sought. The flexible tri-axes MTJ is mounted onto the tip of a 

cardiac catheter with 3 mm in diameter. 

Keywords— catheterization; triaxial sensor; tunnel 

magnetoresistance; magnetic tunnel junction; 

I. INTRODUCTION 

Surgical tool development is an accelerating field, especially 

in the case of minimally invasive surgery, where small 

incisions are used to insert tubes and surgical instruments [1-

4]. To perform the procedure, x-ray images together with 

contrast agents are used to visualize the blood vessels and 

track the orientation and location of the catheter. Obviously, 

X-ray exposure is harmful to the patients as well as the 

medical staff [5-7]. The excessive use of the contrast dye 

poses a serious risk of contrast medium-induced nephropathy, 

which has been reported to have increased to 30% in patients 

with congestive heart failure [8-10]. A prime drive for the 

development of alternative navigation solutions is to reduce x-

ray exposure, while providing an accurate estimation of the 

catheter’s orientation during the procedure [11-14].  

In this work, we propose a highly miniaturized tri-axes 

sensor, based on magnetic tunnel junctions (MTJ). In order to 

maintain a high performance, the MTJ sensors are first 

fabricated on a standard Si wafer, which is then thinned down 

[15, 16]. The substrate becomes mechanically flexible and can 

conform to the curvature of the catheter. The tri-axes magnetic 

sensor exploits the Earth’s magnetic field to track the 

orientation of the catheter’s tip. The vector summation of the 

magnetic projections (or alternatively Mx, My and Mz 

projections) points toward the magnetic north, which can be 

used as a reference direction to track the tip’s orientation.  

II. METHODS 

The triaxial sensor consists of 3 flexible MTJ sensors that 

are placed on the perimeter of the catheter, in a way that aligns 

their sensitive axes effectively perpendicular to each other, as 

illustrated in Fig.1.  

A µ-controller-based tracking system (Arduino Nano) was 

developed that derives the Earth’s magnetic field components 

MX, MY and MZ from the tri-axes sensor. The sensor is 

mounted to the catheter’s tip and wired to the µ-controller 

outside the body via wires  inside of the catheter. Fabrication 

And Characterization Setups 

The MTJ sensor fabrication process is described elsewhere 

[15]. The tri-axes MTJ sensor exploits the shape of the 

catheter to create three sensors with perpendicularly aligned 

sensitive directions. They are placed on a hollow acrylic tube 

as a carrier, instead of attaching it directly onto the catheter. 



 

Fig. 3. (a) Illustration of the carrier tube used for the 
assembly. (b) Assembled triaxial sensor. 

 

Fig. 5. Angular response of the triaxial sensor obtained 
simultaneously. 

 

Fig. 4. (a)  MTJ characteristic curve and (b) the angular 
response. 

The tube is laser cut to have a 2 mm diameter and a shell 

thickness of 0.5 mm. It has four cut-through small openings 

(0.1 mm) for copper wires to go through. The wires are then 

soldered directly onto the contacts of the flexible sensors at 

low temperature. Once the sensors are placed and soldered, a 

heat shrink tube is used to secure the assembly and protect it. 

The assembly is shown in Fig.3. 

 

III. RESULTS AND DISCUSSIONS 

First, the flexible MTJ sensor showed a sensitivity of 1.4 
kΩ/Oe and a resistance of 29 kΩ, as depicted in Fig.4a. The 
angular response in Fig.4b is sinusoidal with a maximum 
change of 15% change, corresponding to 3.8 kΩ, and a 
sensitivity of 8.85 Ω/°.  

The rotation of the tri-axes sensor about its three axes and the 
magnetic projections MX, MY and MZ are depicted in Fig. 5.  

In direction-X, the Sensor X “which corresponds to the x-
axis sensor” showed a good response with minimum value 
along the Earth’s magnetic field, and maximum when it aligns 
antiparallel to it. The response of the Sensor Y “which 
corresponds to the y-axis sensor” was shifted by 90° from 
Sensor X, which indicates good alignment of these two sensors 
to each other. However, Sensor Z “which corresponds to the z-
axis sensor” showed a considerable cross sensitivity with 
Sensor Y. In Direction-Y, the same behavior was observed, 
and the cross sensitivity of Sensor Z became evident. The 
Sensor Z was the only sensitive sensor to z-direction, but the 
MZ projection was not aligned perfectly with the Earth’s 
magnetic field, since the maximum and minimum values do 
not coincide with this alignment. These results indicate the 
misalignment of Sensor Z during the assembly, which induced 
considerable cross-sensitivity between Sensor Z and Sensor Y. 
This misalignment is a result of the manual mounting process, 
with which it is difficult to get an precise placement and 
orientation of the sensor dies. 
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