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Introduction

Induction heating (IH) effect in ferromagnetic materials can be described as the property of generating heat under the action of an alternating magnetic field. This heating method has been chosen in many industrial, domestic and medical applications. Its advantages include: efficiency, fast heating, safety, cleanness, and accurate control. By comparing it to other classical heating technologies, like flame heating, resistance heating or traditional ovens or furnaces, IH exhibits as well the interesting property of being contactless. Recent studies have demonstrated the feasibility of using Low Frequency Induction Heating (LFIH) using bio compatible ferromagnetic composite as catheters for varicose treatment [1][2]. This contactless energy transfers and the efficient thermal conversion look like a promising way to heal properly the damaged varicose. The low frequency (LF) excitation avoids undesired displacement and Eddy currents in the surrounding areas, leaving the tissues and bones in a healthy posture.

At a microscopic scale, the induction heat mechanisms include two main contributions, i.e. the so called "microscopic" eddy-currents due to the magnetic domains reorganization under magnetization/demagnetization cycles, and the so called "macroscopic" eddy-currents due to the 2 magnetic excitation flux variations [START_REF] Ducharne | Characterization and modeling of magnetic domain wall dynamics using reconstituted hysteresis loops from Barkhausen noise[END_REF]- [START_REF] Ducharne | Dynamics of magnetic field penetration into soft ferromagnets[END_REF]. According to the size of the ferromagnetic element and the excitation frequency, others mechanisms like Brown and Néel relaxations (superparamagnetism), can be considered as well [START_REF] Kötitz | Investigation of Brownian and Néel relaxation in magnetic fluids[END_REF] [START_REF] Fannin | The study of a ferrofluid exhibiting both Brownian and Neel relaxation[END_REF]. To build the biocompatible magneto-sensitive composites, ferromagnetic particles are mixed to polymer matrices. Under the influence of a LF alternating magnetic field, the thermal ferromagnetic composite answer is relatively fast. The fraction of ferromagnetic particles, the thermal properties, the magnetic field frequency and the amplitude of the magnetic field have strong influences on the induction heating effects [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF] [START_REF] Xiang | Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications[END_REF]. In this study, Fe3O4 particles of 2 μm < particle size < 5 μm have been used. These particles exhibit a strong ferromagnetic behavior. By coupling thermal and magnetic simulations to experimental observations, an approximation of the magnetic properties can be obtained as described in [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF]. For the Fe3O4 particles we used, the simulation gives a remanent induction close to 0.1 T, a coercivity of 30 kA/m and a quasistatic hysteresis area of 21kJ/m 3 .

According to the medical staff collaborating with us, a temperature of 120 °C is required to burn a damaged varicose. Different methods have already been used to bring locally a heat flux strong enough to reach the targeted temperature including laser or steam flow, but these methods imply expensive equipment or suffer from excessive processing times and doctors are looking for new developments to improve their current performances. Low frequency Induction heating (LFIH) of catheters made out of bio compatible magnetic composites seems like an elegant alternative solution. This dematerialized energy transfer is interesting in many aspects but improvements must be done to reach the temperature levels and fast time response required by medical procedure. By choosing adequate geometrical the physical parameters, significantly enhanced conversions can be achieved with higher steady state temperatures and lower time constants.

In a previous study [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF], a comparison with conductive but non-ferromagnetic composites has been done (polymer matrix filled with carbon black or copper particles). By opposition to the ferromagnetic composite, the composites filled with conductive particles show extremely weak answers under the LF varying magnetic field excitation and no temperature variations were observed. This simple experimental test allowed to conclude that the heat origin in our ferromagnetic composite is mostly due to the "microscopic" eddy-current, consequence of the ferromagnetic domain walls reorganization during the magnetization cycles. The hysteresis losses in a ferromagnetic specimen are composed of two contributions: the "microscopic" eddy-current due to the domain wall motions during the magnetization process and the "macroscopic" eddy-current due to the magnetic excitation variations in an electrically conductive matter. The ferromagnetic composites tested in this study exhibit a weak macroscopic conductivity which reduces the development of macroscopic eddy-currents and limit the hysteresis losses to the microscopic eddy-current contribution. More details about this two contributions and there connection to the hysteresis losses can be find in [START_REF] Ducharne | Characterization and modeling of magnetic domain wall dynamics using reconstituted hysteresis loops from Barkhausen noise[END_REF]- [START_REF] Ducharne | Dynamics of magnetic field penetration into soft ferromagnets[END_REF]. Different methods have been proposed to enhance the LFIH effect in the ferromagnetic composites. Increasing the magnetic particles concentration and optimizing the magnetic field excitation frequency are some of them. A 96°C temperature has already been measured with a 30 vol. % iron oxide (Fe3O4) composites under a limited frequency of 4.2 kHz [START_REF] Xiang | Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications[END_REF].

The magnetic particles can be incorporated into the polymer body either randomly or in an ordered structure (Figure 1). If a uniform magnetic field is applied to the reactive mixture during the curing process, particle chains are formed and get locked into the polymer, leading to anisotropic properties of the resulting composites. These anisotropic properties create preferential directions where the physical properties are magnified. Up to now, the ferromagnetic composites developed by our group have never been submitted to a magnetic excitation during the fabrication process. The microscopic images show a random distribution of the particles, and this all over the sample geometry (see Figure 10). Studying the effect of spatial orientation and position distribution of the inclusions (e.g., ferromagnetic particles, ferromagnetic fibers, etc.) inside the polymer matrix is of real interest. A structured distribution of the magnetic particles can be obtained by processing and curing the composite in the presence of an extern magnetic field. This leads to particle chain structures formation and to a composite with strong anisotropic properties. Researchers have demonstrated that the orientation and the distribution of the inclusions in a polymer matrix are strongly dependent on their electromagnetic properties such as the relative permeability, the magneto-mechanical coupling [START_REF] Fiske | Effects of Flow Induced Orientation of Ferromagnetic Injection Molded Composites[END_REF] [START_REF] Liu | Spatial orientation and position distribution effect on the effective permeability of composites consisting of aligned flakes[END_REF], and so on [START_REF] Le | Enhanced magnetoelectric effect for flexible current sensor applications Enhanced magnetoelectric effect for flexible current sensor applications[END_REF] [START_REF] Guyomar | Magnetoelectricity in polyurethane films loaded with different magnetic particles[END_REF]. An improvement of the mechanical properties (stiffness, Young modulus, etc.) has been observed under the presence of a magnetic field [START_REF] Danas | Experiments and modeling of iron-particlefilled magnetorheological elastomers[END_REF]. In [START_REF] Filipcsei | Magnetic Field-Responsive Smart Polymer Composites[END_REF], the particle chains observed in the composite allow giant deformational effects, high elasticity, anisotropic elastic and swelling properties. The quick responses to the magnetic fields open new opportunities in various applications especially in medical field [START_REF] Pereira | Iron oxide nanoparticles stabilized with a bilayer of oleic acid for magnetic hyperthermia and MRI applications[END_REF]- [START_REF] Hu | Efficient Magnetic Localization and Orientation Technique for Capsule Endoscopy *[END_REF].

Alternative to the methods investigated in previous works for enhancement of LFIH effect [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF][2], this study provide a novel technique based on structuring ferromagnetic material by formation of particle chains. A comparison between isotropic and anisotropic composites in terms of magnetic permeability, induced heat, and microscopic distribution will be performed, allowing to evaluate efficiency of the proposed approach. Furthermore, compared to the materials developed in previous works [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF] [START_REF] Xiang | Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications[END_REF], those fabricated in this study are more flexible and the fabrication process is easier. These properties will be of high benefit for implementation in miniaturized medical tool, particularly in minimally-invasive vascular surgery. This paper is organized as follows: In Section 2, a short state of the art over the different ways to induce anisotropic behaviors in the ferromagnetic composites using a constant magnetic field source is proposed. The sample compositions and their preparation are discussed right after. The under magnetic field curing process is described in Section 3, followed by microscopic observations and images treatments over the particle alignment. Comparison of LFIH effect between isotropic and anisotropic ferromagnetic composites are discussed in Section 4, together with experimental results and discussions. Section 5 opens a perspective of the proposed new material design for another application in vascular surgery based electromagnetic tracking. Concluding remarks are drawn in Section 6.

Anisotropic Ferromagnetic Composite

State of the Art

Alignments in ferromagnetic particle chains are obtained under the influence of an external magnetic field during both the printing and the curing processes. According to the scientific literature, different methods have already been tested to apply a stable and homogeneous magnetic field to the under process composite [START_REF] Fiske | Effects of Flow Induced Orientation of Ferromagnetic Injection Molded Composites[END_REF]- [START_REF] Guyomar | Magnetoelectricity in polyurethane films loaded with different magnetic particles[END_REF], [START_REF] Ahniyaz | Magnetic field-induced assembly of oriented superlattices from maghemite nanocubes[END_REF]- [START_REF] Jeong | PDMS-Based Elastomer Tuned Soft , Stretchable , and Sticky for Epidermal Electronics S3-PDMS[END_REF]. A description and graphical illustration of these methods can be found in the supplementary information document attached to this manuscript.

Material selection

To obtain arrangements of the ferromagnetic particles inside the polymer matrix under the influence of an external magnetic field, the polymer base must be fluid enough. Ideally, the polymer is liquid in its original state (low molecular weight and/or low glass transition temperature) with a limited viscosity, enabling particle diffusion and alignment (including under low amplitude magnetic field) during the fabrication process, just before curing. The elastomers are perfectly good candidates. The viscosity together with the strength of the magnetic field will determine the time constant of the particle chains alignment dynamic [START_REF] Sun | Magnetic field mediated nanowire alignment in liquids for nanocomposite synthesis[END_REF]. Also, the ideal polymer must be thermosetting since after thermal processes, the material has to keep its solid elastomer state. Considering all these requirements, PDMS (SYLGARD™184 Silicone Elastomer) has been chosen to be our polymer matrix. It has the original viscosity of 5100cP in liquid state before curing which allowed particles alignments and this even under the action of a reasonable magnetic field. Such a material can be easily transformed in a solid elastomer form, it can be cured combined to additional encapsulants at room temperature or under higher temperature without these additives (100°C within 35 minutes). PDMS thermal conductivity of around 0.15 W/m*K is lower than the 0.225 W/m*K for the ABS thermoplastic polymer previously used [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF] [START_REF] Xiang | Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications[END_REF]. PDMS elastomers are mechanically stable over a temperature range of -45 to 200°C. As detailed in [START_REF] Jeong | PDMS-Based Elastomer Tuned Soft , Stretchable , and Sticky for Epidermal Electronics S3-PDMS[END_REF] PDMS-based elastomers have highly soft, stretchable properties. Applications on epidermal electronics in wearable healthcare have been achieved [START_REF] Jeong | PDMS-Based Elastomer Tuned Soft , Stretchable , and Sticky for Epidermal Electronics S3-PDMS[END_REF]. Based on the above reasons, PDMS may give super flexible bio-compatible composite especially well adapted to the varicose veins healing. Furthermore, this elastomer is cost effective, commercially available, widely used in industry, and leads to simple fabrication process.

Since our final goal is to provide medical solutions, the chosen magnetically reinforced material and all its constituents must be biocompatible. Iron oxide (Fe3O4) has a confirmed biocompatibility [START_REF] Gupta | Synthesis and surface engineering of iron oxide nanoparticles for biomedical applications[END_REF]. For both its remarkable magnetic properties and its biocompatibility, it is potentially interesting for numerous medical applications and the perfect choice for us [START_REF] Yan | Solvothermal synthesis and characterization of size-controlled Fe3O4 nanoparticles[END_REF]. A spherical powder (5 µm diameter) of Fe3O4 (Merck, USA) has been selected in this work.

Material preparation

The fabrication of the ferromagnetic composite is based on a simple casting method. Fe3O4 spherical particles powder are mixed to the polymer based silicone elastomer. The stirring process is performed for 20 minutes. The particles are scattered in the solution by ultrasound treatment (Hielscher Ultrasonic Processor UP400S) with powerful impulsions during a few minutes in order to get a perfectly homogeneous distribution. The volume fraction of Fe3O4 tested, varies from 5% to 35% with a 5% increment. Additive encapsulants are added into the solution with a 1: 10 mass mix ratio and this under constant stirring. Due to both the ultrasonic processing and the constant stirring, the resulting mixture contains air bubbles, subsequently eliminated through a vacuum treatment performed with a Memmert V0 400 Vacuum (<25 Pa, 25°C, for 20 minutes). The resulting mixture is poured into a cubic-shaped mold and cured in the same ovenat 60°C for 4 hours. Figure 2 describes the whole fabrication process leading to relatively homogeneous distribution and resulting in isotropic ferromagnetic properties. To align the particles, a 5×5×5 mm 3 cubic-shaped mold filled with the PDMS solution is placed between two strong permanent magnets as illustrated in Figure 3. A thin layer of Teflon is inserted between the magnet and the sample to facilitate the sample extraction. During the cross-linking process, the whole set is put inside the oven at 60°C. Because of the strong magnetic field, particle chains are formed and remain locked into the elastomer (supposed along z-direction). The amplitude of the constant magnetic field submitted to the ferromagnetic composite is easily tunable by changing the mold's thickness (as described in Subsection 3.2). The above casting method makes it possible to fabricate the composites with different shapes and dimensions by simply changing the mold which is 3D printed with the ABS filament. In Subsection 3.1, the cylinder shape is used for the characterization of magnetic excitation while in Section 4, the cubic shape is more adequate for testing anisotropy in three directions (x-, y-, and z-axis).

Characterization Method

Characterization of the magnetic excitation

The selected permanent magnets are 10×10×2 mm 3 (Q-10-10-02-N from @Supermagnete). According to the mold thickness, they can be spaced apart from 1 to 5mm. A combined approach including experimental and simulation results is used to check on the magnetic field amplitude and to confirm its relative homogeneous distribution in the sample area. A set of characterization from the high-precision tesla-meter (FW-Bell 5080) is carried out to establish the magnetic field distribution on the surface of the permanent magnet (Figure 4). These experimental results are used as parameters for the @Comsol model proposed in Figure 5 . This simulation results are proposed to check the amplitude and the uniformity of the magnetic field provided by the permanent magnets in the sample area. The permanent magnets are defined through a flux conservation element and with a 160 kA.m -1 in the y direction. For the first simulation tested depicted in Figure 6a, the space gap corresponding to the mold thickness is set to 5 mm. In the sample area, the magnetic induction field B varies from 80 mT to 99 mT, with slightly increasing values when approaching the permanent magnets. The influence of the space gap between the permanent magnets to the distribution of magnetic field is highlighted by varying the space gap value from 5mm down to 1mm. According to the resulting 3D graphs of Figure 6a-d, a quasi-linear relation can be obtained between the distance and the magnetic field amplitude (Figure 7). Also and as envisaged in Figure 6, the smaller the space gap, the more uniform the magnetic field distribution. In order to assess effect of the space gap to the heat generation properties, cylinder-shaped PDMSbased composites with different thickness from 1 mm to 5 mm has been fabricated. All these cylindershaped samples exhibit a 15 mm diameter, and elaborated with the 10 vol. % of Fe3O4 particles. Note that the experimental setup will be described in the next Subsection 3.1. In every tested cases, the magnetic excitation to induce IH effect is imposed in the particle chains direction, i.e. along the axis of revolution of the cylinder samples (called z-axis). Due to the revolution symmetry around the z-axis, cylinder-shaped composite seems to be one of the most adequate choices in this test. The temperature variations as a function of time under an alternative magnetic field of 2.3 kHz frequency and 160 kAm -1 amplitude are displayed in Figure 8a. The observation of Figure 8a-c leads to the following conclusions:

• Whatever the thickness, the oriented samples always exhibit a stronger temperature response compared to the un-oriented samples that are randomly dispersed (Figure 8a). • The thicker samples show higher steady state temperature (Figure 8b). Under constant magnetic excitations, the heat generation should be linearly related to the sample's volume as the particle distribution is homogeneous. However, a slight discrepancy of empirical measures has been recorded where linear relationship between the heating temperature and the thickness is not perfectly verified. This phenomenon probably due to thermal exchanges linked to the ratio surface/volume which is lower for thicker samples. Since the ratio surface/volume is not a linear relation so is the evolution of the thermal exchanges. A thicker sample will show a limited variation of its equivalent thermal exchange resistance but a large variation of the heat source. These results are consistent with those reported on [START_REF] Xiang | Induction heating-based low-frequency alternating magnetic field: High potential of ferromagnetic composites for medical applications[END_REF], even with different dimension (i.e. I-shape) of the ferromagnetic sample. • Quite logically, the temperature difference (∆T) between the oriented and the un-oriented samples (denoted OS and US in Figure 8a) decreases with the space gap distance (Figure 8c). A larger space gap means a lower constant magnetic field amplitude during the curing process as illustrated Figure 7. Above 5 mm space gap, the induced magnetic field between the two permanent magnet significantly reduces and its amplitude can be somewhat fluctuating (i.e. not perfectly stable), resulting in irregular particle alignments. Consequently, very small temperature change between the isotropic and anisotropic composites with thickness of 3 mm and 5 mm, i.e. only 2°C difference with respect to 6°C and 4°C as in the cases of 1mm and 2mm, respectively. 

Particles distribution

Scanning Electron Microscopic (SEM) images are used to investigate the particle distribution of the ferromagnetic composite filled with 5 vol. % of Fe3O4. The cubic samples are cut into small slices to fit the SEM geometrical requirements. The thickness of all the samples observed is set to 5 mm. The color balance is an efficient indicator to identify the particles from the polymer. As illustrated in Figure 9, the white spots stand for the Fe3O4 particles while the black background is the PDMS matrix.

First observations (see Figure 9) clearly show strong alignments (along z-axis) in the magnetic field direction. These qualitative observations are confirmed quantitatively from the directionality histogram generated with @imageJ software (cf. Figure 10 and Figure 11). Anisotropic behavior can be visibly confirmed on the oriented samples tested (Figure 10). Clear alignments can be observed as confirmed from the oriented samples tested directionality histograms. The directionality indicator is based on the Fourier spectrum analysis. Structures with a preferred orientation generate a periodic pattern at +90° orientation in the Fourier transform of the image. Images with completely isotropic content are expected to give a flat histogram, whereas images in which there is a preferred orientation are expected to give a histogram with a peak at that orientation (i.e. 120°). It is noteworthy that the directionality histogram depends on the magnification of SEM images, especially in the case of randomly dispersed particles (Figure 10b andd). For the well aligned particles (Figure 10a andc), on the other hand, their directionality histogram only slightly varies where the privileged orientation in both different scales obtains the same value of 120° (i.e. corresponding to the peak value).

An even clearer preferred orientation can be observed on the directionality histogram of the 5 vol.% Fe3O4 particle volume fraction tested on a larger window (Figure 11). Based on SEM observation, it can be concluded that particles alignment creates a magnetic anisotropic behavior which can clearly be observed from the macroscopic ferromagnetic behavior of the tested specimens. Under the influence of a magnetic field, the magnetic force microscopy (MFM) could bring additional local information like the magnetic domains distribution in a given particle and help to understand how the particles alignment process works during the curing stage [START_REF] Li | Magnetization behaviors of Fe3O4 nanoparticles studied by frequency modulated magnetic force microscopy[END_REF]- [START_REF] Proksch | Magnetic force microscopy of single crystal magnetite (Fe3O4)[END_REF]. This study will be one of the priorities in our future work.

Effect of Oriented Magnetic Particles on LFIH Performance

Experimental Setup

A specific homemade experimental test-bench has been developed to test the magneto/thermic coupling and the anisotropic behavior. In order to generate a sufficiently high AC magnetic field excitation, a magnetic inductor made out of eight cylindrical permanent magnets was set on the end of a high speed DC motor shaft [2][29]. The pole distribution of the 8 magnets is alternatively south and north as shown in the overall design Figure 12. By coupling the high speed DC motor and the alternating polarization distribution, a high amplitude sinus magnetic excitation (160 kA.m -1 measured on the surface of the permanent magnets) can be obtained with a maximum frequency of 2300 Hz. A high resolution thermal camera (Optris Xi400, Berlin, Germany) is positioned on the opposite side of the high speed DC motor, it will monitor the temperature variations during the experimental tests. Both isotropic and anisotropic cubic samples of 5mm length side are tested in their 3 directions including x, y and z, as illustrated in Figure 1. Z is the easy magnetic axis of the oriented samples, i.e. the axis of the particle alignments.

Results and discussions

Figure 13 displays the temperature variations as a function of time for both the oriented and unoriented samples, which is induced by an AC magnetic excitation along the z-axis direction. The volume concentrations of iron oxide particles ranged from 5 vol. % to 35vol. %. Whatever the particle fraction, the oriented samples always generate higher induced heat. From the micro-scale point of view, the aligned particle chains clearly drive the magnetic lines and give raise to improved IH response. It can be found that both isotropic and anisotropic composites lead to increasing temperature response as the typical first-order system. The maximum temperature (at steady state) observed with the 30% vol. specimen is approximately 75°C, still far from the 120 °C used to cure a varicose. Increasing this temperature is a real concern to us. We are also investigating the varicose behavior under lower temperature treatment. First results using differential scanning calorimetry are encouraging since signs of electrocoagulation can be observed for lower temperatures. Figure 14a depicts the steady state temperature obtained after around 120 seconds of different volume fraction samples under the 2.3 kHz alternating magnetic field. In order to better understand the impact of anisotropic properties on IH performance, three directions of magnetic source are applied on both aligned and random composites. As expected, both x-and y-axis responses of the oriented samples exhibit very similar IH results, which is therefore represented by only one curve (cf. blue line) on Figure 14a, for a sake of simplicity. Obviously, these samples exhibit higher temperature response in z-axis applied magnetic field, reflecting their anisotropy of being directionally independent. Conversely, for every direction, the un-oriented samples lead to similar level of induced heat (cf. black line as displayed Figure 14a), confirming their isotropic ferromagnetic behaviors. Surprisingly, regardless of which direction driven by alternating magnetic source, the oriented samples always show higher temperature response than the un-oriented ones. These experimental situations have been voluntarily reproduced many times and similar results have always been observed. This tends to say that an ordered structure is enough to improve the ferromagnetic behavior. depicts the steady state temperature difference between the z-axis and the x, y-axis of the oriented samples. This difference becomes larger by increasing the particle volume fraction.

Concerning the thermal transfer dynamic that can be highlighted in Figure 15a, 120 seconds are required by the 35 vol.% oriented sample to reach its steady state regime (65 °C) in x, y-axis, whereas just 43 seconds in the z-axis, i.e. almost 3 times faster. Here we define a time response ratio (R) characterizing the thermal conversion dynamic performances, which can be given by:

x,y-axis z-axis

t R t = (1)
where tx,y-axis denotes to time necessary for the oriented sample to achieve the steady state value in x, ydirection; and tz-axis denotes the time necessary to reach the same temperature but in z-direction.

In Figure 15b, an increase of the volume fraction leads to an improvement of the response time. The higher is the volume fraction the larger is the difference between the thermal time constants of both the oriented and un-oriented samples (Figure 15b). 

High Performance of Flexible Ferromagnetic Composites: Future Perspectives

Besides benefit of LFIH improvement as described previously, this section aims to demonstrate that anisotropic composite equally leads to increase magnetic permeability, which is highly promising for another medical application of vascular treatment based on miniaturized electromagnetic tracking systems.

Enhanced magnetic permeability of anisotropic material

The magnetic permeability of the sample can be determined based on the measurement of its inductance. Considering the relative magnetic permeability of the PDMS pure is unity regardless of which frequency is applied, the permeability of the composite with the same dimensions can be given by:

composite r PDMS L L µ = (2) 
where Lcomposite and LPDMS denoted the inductance of the composite and the pure PDMS, respectively.

s 120 s 65°

A high precision LCR meter (E4980A Keysight) has been used to record the inductance value of the cubic-shaped pure-PDMS and composite-based samples. Both oriented and un-oriented composites are elaborated with 30 vol. % vol. iron oxide particles. All samples are manually wired with 10 turns coil in a single layer, and been measured under the low frequency range (20Hz to 1MHz). Direction of magnetic field applied on the oriented composite can be set as z-axis or x, y-axis, depending on how it is wired (see Figure 16a). As expected in Figure 16b, the anisotropic cube exhibits higher relative permeability on z-axis than on x, y-axis, corresponding to 25% improvement. Also, the oriented sample always has higher permeability than the un-oriented sample, in agreement with the result of Figure 14. 

Towards another medical application: tracking system based electromagnetic sensor

Improvement in magnetic permeability of anisotropic composite opens another perspective for smart sensor design in medical applications, like electromagnetic tracking (EMT) system used in endovascular procedures. Recently, EMT has great potential for assisting physicians in precision placement of instruments during minimally-invasive interventions, since it is not limited by the lineof-sight restrictions of traditional optical tracking. Indeed, the traditional method provides only bidimensional images that lacks of depth perception, making it difficult for surgeons to estimate the spatial relationships between the endovascular instruments (e.g., catheters and guidewires) and the patient's anatomy. As a result, in cases of difficult angulations and tortuous anatomies, even a conceptually simple task, such as vessel cannulation, can become challenging and time-consuming, thus requiring prolonged fluoroscopic exposure time and the injection of large volumes of contrast medium [START_REF] Condino | Simultaneous tracking of catheters and guidewires: Comparison to standard fluoroscopic guidance for arterial cannulation[END_REF].

In an attempt to overcome some of the aforementioned limitations and reduce the perceptual difficulties, Aurora® system from Northern Digital, Inc. (Waterloo, Ontario, Canada) and microBIRD™ system from Ascension Technology Corp. (Burlington, VT, USA) are commercially available EMT subsystems equipped with a software programming interface that can be integrated by researchers into an image-guided surgery tool [START_REF] Nafis | Method for estimating dynamic EM tracking accuracy of surgical navigation tools[END_REF]- [START_REF] Schicho | Stability of miniature electromagnetic tracking systems[END_REF]. These systems have been commercially available for many years, but have suffered from two major drawbacks: 1) the sensors have been too large to incorporate into surgical instruments; and 2) they have been sensitive to metal objects in the vicinity that can distort the electromagnetic field. Lately, smaller sensors have become available and can be incorporated into the tips of medical tools [START_REF] Franz | Electromagnetic tracking in medicine -A review of technology, validation, and applications[END_REF]. The sensing device, being less than 1 mm in diameter is placed at the distal end of instruments such as needles or catheters, rather than relying on a tracking array mounted on the proximal end of a rigid instrument. The newer electromagnetic tracking systems are also more robust to small metal objects in the operating field [START_REF] Nagel | Needle and catheter navigation using electromagnetic tracking for computer-assisted C-arm CT interventions[END_REF], [START_REF] Hummel | Design and application of an assessment protocol for electromagnetic tracking systems[END_REF].

Figure 17 illustrates a working principal of the EMT device used in vascular procedure. The system is made of three principal components such as: 1) a reference magnetic field generated by an emitter electromagnet which is outside the patient's body; 2) a receiver sensor (also known as "inductive coil" or "search coil") implemented in the guidewire tip that is introduced inside the patient's vein; and 3) tracking system based electronic circuit (Digital signal processing, Microcontroller unit). According to the Lenz's law, when the receiver sensor moves in the space subjected by an alternating magnetic field, a voltage proportional to the vectorial of the cross sectional winding area (S) and the intensity of the magnetic field (B), is induced in every winding. Thus, the resulting voltage (e) of the N-turn coil is proportional to the varying magnetic flux (Φ) that can be expressed as:

= - = - ( × ) (3) 
This induced voltage immediately gives the measurement of rotation versus the reference emitter electromagnet and the position in relation with the modulus of the emitting vector. Therefore, the EMT system can accurately calculate both position and orientation of the tip guidewire. In order to detect more than one dimension (e.g. 3 translations and 3 rotations), multiple coil sensors oriented orthogonally to each other may be used [START_REF] Franz | Electromagnetic tracking in medicine -A review of technology, validation, and applications[END_REF].

For a given magnetic field, the sensor response may be improved by several ways: 1) increasing the surface (S); 2) increasing the turn number (N); and 3) using a ferromagnetic core with high magnetic permeability. The first solution is not applicable as the sensor dimension is limited by the diameter of the veins. The second solution risks to reduce the flexibility of the coil sensor, impeding its movement particularly in angulations and tortuous anatomies. The third solution, as a result, seems to be the most suitable option. Nonetheless, most of ferromagnetic materials with high permeability are not flexible. Therefore, ferromagnetic composites are chosen instead and they can be implemented at the guidewire tip of the medical tool (see Figure 17). By choosing an adequate fraction of the magnetic particles, it is possible to achieve the best tradeoff between the mechanical and the magnetic properties of the coil sensor. The flexibility of our PDMS composite doped with iron oxide powder is confirmed by Figure 18. Moreover, by structuring the particles distribution, anisotropic sample gives rise to 25% increase in permeability (cf. Figure 16b), leading to enhanced device sensitivity.

Assuming a linear relationship between the induced magnetic and the magnetic field, the Figure of Merit (FoM) of the sensing device can be defined as:

= ( 4 
)
where µ0 is vacuum permeability (i.e. 4 .10 -7 H/m), µr is the relative permeability of the material, and Y denotes its Young modulus. The Young modulus is integrated in the FoM by taking into account the flexibility of the sensors. Finally, for a given magnetic generator, improvement of the FoM is equivalent to find the best compromise of the material parameters including magnetic and mechanical properties. 

Conclusion

In this study, we propose to improve the conversion properties of ferromagnetic composites by creating an anisotropic structure thanks to particle alignments obtained from the influence of a constant magnetic field imposed during the composite conception. Different methods exist to generate a volume of constant homogeneous magnetic field distribution. In this study, we have opted for two permanent magnets placed on the top and on the bottom of the under curing process cubic sample. 3D @Comsol simulations have allowed to check the relative homogeneity of the magnetic excitation field in the sample area. The quasi-linear dependence of the average magnetic field as a function of the space gap separating the two magnets is checked as well. Just as expected, SEM images show strong particle alignments. Eventually, oriented samples excited in the easy direction exhibit steady state temperatures equal to 75°C when they are limited to 63°C for the un-oriented ones. Coupling this observation and the time constants comparison leads to an increasing of the magneto/thermal conversion performances of approximately 30%. The performances obtained in this study are far from the ones proposed in [START_REF] Xiang | Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications[END_REF] where a maximum of 96°C had been recorded. Such differences can be explained from the large geometrical divergences amongst the samples tested as well as differences in operating frequency of the applied magnetic field. Now, that we have validated the strong improvement of the performances due to the particle alignment, our next objective is to use it on an optimized geometry, close enough to the catheter shape and allowing a thermal transfer conversion good enough to reach the 120°C targeted. Another aspect of future work focusses on optimization of material formulation so as to be adaptable to 3D printer. Such an advancement in fabrication process makes a possibility to achieve miniaturized heating or sensing elements, allowing to facilitate their integration in medical instruments like electromagnetic tracking system or endovenous thermal ablative tool. Finally, complementary local experimental tests using magnetic force microscopy will be performed to improve the resolution of the magnetic particle distribution and orientation. It will also provide additional information regarding the magnetic domains alignment inside the particle itself.
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 4 Figure 4. Magnetic field measurement on the permanent magnet surface.

Figure 5 .Figure 6 .

 56 Figure 5. Magnetic field driven by two permanent magnets. a) Setup design for performing anisotropy composite. b) Overall 3D view of magnetic distribution based Comsol simulation

Figure 7 .

 7 Figure 7. Average induction level as a function of the two permanent magnets space gap.

Figure 8 .

 8 Figure 8. a) Temperature variations as a function of time for oriented samples (OS) and un-oriented samples (US) with different thickness of 1, 2 and 3 mm. b) Steady-state temperature as a function of the thickness. c) Steady-state temperature difference between oriented and un-oriented samples as a function of the thickness.

Figure 9 .Figure 10 .

 910 Figure 9. SEM image of anisotropy composite-based micro-structure.

Figure 10 depicts

 10 Figure 10 depicts oriented and un-oriented composites with 5% Fe3O4 particle volume fraction. Two observation scales are proposed, including magnification of x420 times (Figure 10 a-b) and x120 times (Figure10 c-d). Anisotropic behavior can be visibly confirmed on the oriented samples tested (Figure10). Clear alignments can be observed as confirmed from the oriented samples tested directionality histograms. The directionality indicator is based on the Fourier spectrum analysis. Structures with a preferred orientation generate a periodic pattern at +90° orientation in the Fourier transform of the image. Images with completely isotropic content are expected to give a flat histogram, whereas images in which there is a preferred orientation are expected to give a histogram with a peak at that orientation (i.e. 120°). It is noteworthy that the directionality histogram depends on the magnification of SEM images, especially in the case of randomly dispersed particles (Figure10b and d). For the well aligned particles (Figure10a and c), on the other hand, their directionality histogram only slightly varies where the privileged orientation in both different scales obtains the same value of 120° (i.e. corresponding to the peak value).

Figure 11 .

 11 Figure 11. Large window SEM and directionality histogram of 5 vol. % Fe3O4 oriented composite.

Figure 12 .

 12 Figure 12. LFIH experimental setup.

Figure 13 .

 13 Figure 13. Temperature versus time plot for increasing particles volume fraction samples. a) Z-axis of oriented composite; b) Z-axis of un-oriented composite.

Figure 14 .

 14 Figure 14. (a) Steady state temperature as a function of particles volume fraction for both aligned and random composites subjected by different orientations of magnetic field. (b) Temperature difference between the z-axis (preferred orientation) and the x, y-axis of the anisotropic samples.

Figure 15 .

 15 Figure 15. (a) Temperature as a function of time, comparison easy axis/other axis. (b) Time response ratio R between z-axis and x, y-axis of oriented samples as a function of particle volume fraction.

Figure 16 .

 16 Figure 16. Test bench used for determination of permeability: (a) Inductance measurement based LCR meter. (b)Relative permeability of random sample and oriented samples (z-axis and x, y-axis) as a function frequency.

Figure 17 .Figure 18 .

 1718 Figure 17. Working principal of electromagnetic tracking based ferromagnetic composite
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