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Abstract- 

Objective:  Shunts are often employed as internal medical devices 

for draining aberrant fluids from organs. However, depositions of 

calcification in the shunt walls lead to its failure, requiring 

frequent replacements. The current surgical procedures for 

implanting shunts are invasive. Methods: This paper introduces a 

novel, non-invasive approach for eliminating shunt deposits. In 

this non-invasive intervention, a swarm of magnetic nanoparticles 

(MNPs) guided by an external magnetic field removes the shunt 

deposition. A prototype device was fabricated to provide a proof 

of concept. MNPs were steered within the shunt channel 

containing calcification layers and successfully abraded the 

deposition layer. The proof-of-concept experiments used a moving 

magnetic field ranging from 0.1 to 0.3 T and a velocity between 1 

to 12 cm/s.  The average nanoparticle size was 45nm. Five diverse 

contact theories predicted the amount of wear and indentation 

depth created by the abrading microswarm. Results: 

Experimental results confirm that MNPs under a moving 

magnetic field can abrade shunt deposits. Also, there is a direct 

relation between the intensity of the magnetic field, the speed of 

magnet movement, and the rate of abrading the calcification 

deposits. The simulation results showed that the Hoeprich model 

deviated 12.1% from the experimental results and was the most 

suitable model. Conclusion & significance: This research has 

introduced a novel minimally invasive approach to remove shunt 

depositions that can reduce the number of revision surgeries and 

prevent surgical complications. 
 

Index Terms- Shunt deposit- Calcification- Swarm of magnetic 

nanoparticles - Steering, Non-invasive method. 

I.  INTRODUCTION 

   shunt usually consists of a peritoneal tube placed in a cavity 

   to receive excess fluid [1]. Over the last 50 years, shunts 

have often been employed as internal medical devices to treat a 

variety of medical conditions by draining aberrant fluids from 

various organs, such as in hydrocephalus [2]. Hydrocephalus is 

a medical condition in which an abnormal amount of 

cerebrospinal fluid (CSF) accumulates in the ventricles (or 

cavities) of the brain. A shunt is placed vertically from the 

patient’s brain to another area of the patient’s body to drain the 

excess CSF [3]. 

 Shunt malfunction is a serious challenge, especially in cases 

where repeated surgeries are necessary throughout the patient's 

life. There is a high risk of recurrent surgery for elderly patients 
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sixty-five years of age and older [3] and children [4]. In 

addition, as the recurrent surgeries or the non-invasive approach 

presented here need monitoring (MRI/CT/X-ray), the 

healthcare costs will be increased [5]. Fifty percent of shunts 

fail in two years [6], [7], and 85% percent of shunt patients will 

undergo two shunt revision surgeries at least ten years after the 

initial surgery [8]. Occlusions are the most frequent cause of 

failure of conventional shunts [6]. Previous studies have 

confirmed that after roughly 24 months, over 50% of shunts 

need replacement reconsideration [7].  

Research has demonstrated that when the blood encephalic 

barrier is efficient, normal cerebrospinal fluid is composed of 

water and small ions (i.e., smaller ion salts) [8]. However, a 

large distribution of small particle sizes can progressively lead 

to an occlusion [9]. One of the primary causes of shunt 

malfunction is the formation of a layer of calcification or 

sediment inside the shunt [10]. The creation of this layer not 

only narrows and obstructs the passage of liquid but also affects 

the mechanical properties of the shunt by reducing its 

flexibility, causing damage to the shunt [11].  

Researchers have suggested a variety of methods to eliminate 

calcification, but these methods have known side effects or 

disadvantages. Surgery to replace the occluded shunt has been 

proposed [12]. However, surgery not only has a high risk, 

especially for the elderly and children but also can cause side 

effects such as infection.  

Using a rotating tool to abrade the inside of the shunt is a 

minimally invasive technique for removing the calcification 

from the shunt. The tool is inserted into the shunt from the right 

atrium with a catheter. However, the removal is usually not 

straightforward due to the frequent presence of adhesions to the 

endocardial structures. Furthermore, a sizeable atrial thrombus 

makes the removal procedure riskier. There is also the 

possibility of damaging the shunt with the rotating tool [13]. 

Researchers have investigated using low-frequency (20 kHz) 

extensional waves to unblock shunts by creating cavitation. In 

this process, the cavitation disintegrates the calcification layers. 

However, inserting a tip wire in the shunt is required in this 

approach, which is considered invasive [14]  

A thoracotomy is another technique for cleaning a shunt, 

especially when a blood clot blocks the shunt. However, the 
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thoracotomy might cause infection at the catheter entry site 

[15]. Using short pulses of infrared light generated by a 

Holmium: YAG (Ho: YAG) surgical laser to photofragment the 

clot has also been investigated as a method to remove the 

occlusions and restore flow in ventricular shunts. Although a 

laser is a minimally invasive approach, this technique requires 

inserting a light fibre into the shunt, which requires an invasive 

procedure [16].  

Consequently, a novel, non-invasive alternative to wirelessly 

clean a shunt is vital. Manipulating a microswarm (collective 

movement of magnetic nanoparticles) can be used for this 

purpose. Some studies used the motion of nanoparticles to 

eliminate blood clots [17]. Methods such as a rotating magnetic 

field [18] and the Helmholtz coil system [19],[20] have been 

used to move and control the swarm. However, they did not 

investigate this method for shunt abrading. 

Therefore, this study investigates a new method to remove 

calcification wirelessly inside the shunt using magnetic 

abrasive microswarms.  
 

 

 
Fig.1. Schematic of shunt deposition removal. (a) Shunt position in body (1. A 

shunt is a hollow tube installed in the brain to drain cerebrospinal fluid and 

discharge it to an alternative place in the body. 2. Calcification in the shunt 

causes an obstruction or reduction of the inner diameter of the shunt). (b) 

Mechanism of calcification removal using magnetic nanoparticles under an 

oscillating magnetic field. (The permanent magnet oscillates between positions 

1 and 2 to remove the calcification.)  

The overall process appears in Fig.1. After injecting 

magnetic nanoparticles into the shunt, the magnetic field, 

generated by a powerful permanent magnet located on the body 

surface, oscillates the magnetic nanoparticles along the shunt 

channel. The magnetic field captures the abrasive magnetic 

nanoparticles, which accumulate at the site of the magnetic 

field. Oscillation of the magnetic field will remove the 

calcification by slightly abrading its surface.                                                                       

 
Fig.2. Mechanism of calcification surface removal using magnetic 

nanoparticles under a magnetic field.  

 

The process of removing the calcification layer inside a shunt 

appears in Fig. 2. The proposed technique wirelessly removes 

the calcification with a minimally invasive intervention using a 

swarm of magnetic particles. Since the shunts eventually 

discharge into the stomach or another region in the body 

pathway, the nanoparticles at the end of the process can be 

transferred to the stomach using either a guiding magnetic field 

or body fluid. Magnetic nanoparticles have very high 

biocompatibility and, therefore, will not cause toxicity. 

 To minimize the risk of unintentional damage to the vessel, 

the experiments developed suitable contact models and 

simulated the indentation depth. Experiments were carried out 

in vitro to investigate effective parameters for cleaning the 

shunt, including magnetic field strength and nanoparticle 

velocity. This paper first introduced the electromagnetic models 

and the mechanics of contact. Next, it described the proof-of-

concept experiment for the abrading process. Finally, it 

compared the results of indentation depth in the predictive 

model and the experimental results.    

II. MODELLING ABRADING BY MAGNETIC MICROSWARM 

A. Modelling assumptions 

The following hypotheses simplify the computational 

operations: 

- Magnetic field assumptions: 

 The magnetic field is constant during the process.  

 The magnetic properties of nanoparticles are 

constant during operation. 

 The debris produced from the ablation during the 

process has an insignificant effect on the process. 

 The effect of fluid flow on the movement of 

nanoparticles has not been considered (due to the 

high magnetic field effect). 

- Micro/nano magnetic abrasive particle assumptions: 

 Abrasive particles have the same size; nominal 

average values are used. 
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 The particle shape is considered to be polyhedral to 

encompass all geometric shapes. However, the 

experiments used nanoparticles with approximately 

spherical shapes. 

 The applied force on each abrasive particle is 

constant. 

 The magnetic abrasive particles are not degraded 

during the process. 

 The mechanical properties of the deposited material 

(calcification) do not change during the operation. 

- Artery deposit material (calcification assumptions): 

 Chemical processes do not play a role in 

solubilizing the calcification. 

- Significant forces apply in the mathematical model: 

 The effects of gravitational forces, buoyancy forces, 

and inertial forces are relatively small for 

nanoparticles and are considered negligible. 

B. Electromagnetic model 

This section presents the general equations related to the 

electromagnetic force. Considering  B 3 1  is the magnetic 

field vector, the magnetic field is calculated in a three-

dimensional space as: 

.B 0   (1) 

0B   (2) 

Due to the presence of this magnetic field, a magnetic force 

and torque can be generated. Eq.3 shows the magnetic force, 

and Eq.4 shows the magnetic torque. 
B).m(F   (3) 

Bm  (4) 

where  F 3 1 and  3 1  are vectors of force and 

magnetic torque, and  m 3 1 is the moment of the magnetic 

object. Based on Eq.1 to Eq.4, the magnetic force and torque 

are presented (Eq.5 and Eq.6): 
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C. Calculation of contact mechanics  

The main limiting factor in the presented minimally invasive 

intervention method is the lack of predictive modelling. The 

abrading process has two phases: 1) initial contact (before 

moving) and 2) the microswarm movement. In this paper, for 

the first phase, we determine the amount of deformation in the 

calcification due to the applied magnetic force using contact 

models. For this purpose, we use line contact theories to 

determine the indentation depth and deformation in the contact 

process. The contact schematic of the problem appears in Fig.3.  

Many contact theories cannot describe the line contact model 

because, in this contact type, one of the surfaces has an infinite 

radius. This section uses five different contact models for better 

evaluation. These models were developed for the elastic contact 

mode. 

Eq.7 shows the amount of force versus indentation depth 

based on the Hertz contact model [21]. 

 (7) 
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Where, 
HertzF  is the force based on the Hertz model, 

Hertz  is 

the indentation depth for the Hertz model, a is the contact 

radius, and *E  is the effective modulus of elasticity, which is 

calculated from Eq.8. E and  are the modulus of elasticity 

and the Poisson's ratio. 
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The relation between indentation depth and force for four 

contact models, Lundberg [22], Dowson [23], Nikpur [24], and 

Hoeprich [25], is shown in Eq.9 to Eq.12, respectively. 
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where, F is the force in each model, L is the length of 

nanoparticles, 
cR  is the distance from the centre, and H is the 

shunt deposit. The characteristics of each model are in Table I. 

(Other information appears in Fig. 3. m  indicates the 

indentation depth created by the magnetic force). 
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D. Motion mode modelling in the abrading process 

Fig.3 shows the important forces applied to the set of 

nanoparticles. It is assumed that the magnetic force mF  exerts 

at an angle   to the centre of the object. 

The mode in which particles move on the substrate influences 

the contact force between magnetic nanoparticles and 

calcification. Based on the dimensions of the shunt and the 

sediment and nanoparticle assembly, two sliding and rolling 

motion modes can occur for the assembly. The force that 

opposes the motion of the nanoparticles is illustrated as friction 

force. Therefore, Eq.13 shows the sliding condition, and Eq.14 

shows the rolling condition. 

 

 

 

 

 

TABLE I 
DESCRIPTIONS OF DIFFERENT CONTACT MODELS.  

Hertz This theory is suitable in the elastic state. It is unusable in the 

presence of adhesions and large deformations. 

Lundberg This theory calculates the elastic indentation depth caused by the 

compression of the two plates. In this model, the force 
distribution is cylindrical. 

Dawson Dawson first proposed this model to calculate the indentation 

depth due to the compression of a cylindrical roller between two 
flat plates. The force distribution in this model is cylindrical on 

the roller. This model assumes that the depth of the flat plate is 

equal to the radius of the roller. 

Nikpour This theory was first proposed to calculate the indentation depth 

caused by the compression of a cylindrical roller between two 

flat plates. The force distribution in this model is cylindrical and 
also considers the depth of the calcification. 

Hoeprich This contact model shows the general equation of indentation 

depth due to the compression of a roller between two flat plates 

considering the depth of calcification. 

.  

 
Fig.3. Contact mechanic schematic and geometrical information (forces applied to nanoparticles in the presence of friction force).   

 

 

(13) s s s s sf F A    

(14) c s rs s rs sR f F A    

where, 
sf  is the friction force, 

mF  is the magnetic force, 
cR  

is the distance from the centre, 
sA  is the contact area,  and   

are the friction coefficient and shear stress (
s , 

s  illustrates 

the sliding mode and rs ,
rs  represents the rolling mode), and 

SF  is the normal force. According to Fig.3:  

(15) s m Df F cos F  

(16) WsinFF ms  

where,
DF is the drag force, and W is the weight. Eq. 17 and 

Eq.18 calculate the final values of sliding and rolling modes. 
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III. EXPERIMENTAL SETUP FOR THE PROOF-OF-CONCEPT 

A. Materials:  

To synthesise magnetic nanoparticles (Fe3O4), ammonia 

(NH₃), iron (II) chloride (FeCl2) (FeCl3.6H2O) (III) with 99% 

purity, and iron (III) chloride (FeCl3) with 99% purity from 

Merck were prepared. Deionized water, glycerine, and normal 

saline serum were purchased from the Iranian Parenteral and 

Pharmaceutical Company (Tehran, Iran). 

- Synthesis of magnetic nanoparticles 

In this study, iron oxide nanoparticles were prepared with a 

co-precipitation method. After the distilled water was 
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deoxygenated using an ultrasonic device, and nitrogen was 

passed through the water, 16.25 g of FeCl3·6H2O and 6.35 g of 

FeCl2·4H2O were dissolved into 200 mL of deoxygenated 

distilled water and stirred for 60 minutes. Next, 12 ml of the salt 

solution was added one drop at a time to 120 ml ammonia 

solution under nitrogen, and the solution was stirred for half an 

hour at 1000 rpm. The black precipitate was collected with a 

neodymium magnet, washed three times with distilled water, 

washed once with acetone, and dried under a vacuum. Finally, 

the black powder of magnetic nanoparticles was dried in an 

oven at 500 C. 

- Cytotoxicity evaluation 

We evaluated the cytotoxicity of the magnetite nanoparticles 

using human macrophage cells with a primary density of 
52 10  cells /mm. The cells were immersed in DMEM and 

10% FBS for 4, 8, 24 and 48 hours (DMEM (Dulbecco's 

Modified Eagle Medium) is a widely used basal medium for 

supporting the growth of many different mammalian cells. 

Foetal bovine serum (FBS) derives from the blood drawn from 

a bovine foetus via a closed collection system at the 

slaughterhouse). The percentage of viable cells was determined 

with a Bio-Tek EL-311 microplate reader reading at 570 nm. 

Various cellular concentrations of magnetite nanoparticles (5, 

10, 25, 50, 100 µg/mL) were used to evaluate cellular toxicity. 
- Calcification creation 

The calcification layer is produced by the reaction between 

calcium oxide, water, and carbon dioxide, as the Eq.19: 

(19) 
CaO + H2O → Ca (OH)2 

Ca (OH)2 + CO2 → CaCO3↓ + H2O 

A 1.5 mm thick calcification layer was created inside the 

shunt polymer tube. The mechanical property testing of the 

calcification appears in Table II. 

TABLE II 
MECHANICAL PROPERTIES OF CALCIFICATION [26] 

 

Density 2.711 g/cm3  

Young’s Modulus 69.9 GPa 

Hardness (Knoop) 3 Mohs 

Shear Modulus 35 GPa 

Bulk Modulus 98 GPa 

 B. Equipment: 

- Oscillating magnetic field generator prototype 

The schematic of the device prototype for carrying the 

magnetic field appears in Fig.4(a). Given that the shunt is inside 

the body (from the brain to the stomach, for example), there are 

two approaches for removing the calcification deposit with the 

magnetic field, a rotational magnetic field (Ro-MF) or a 

reciprocating magnetic field (Re-MF). The Ro-MF method is 

recommended for venous thrombosis in the leg [27], in which 

the magnet moves around the leg (an asymmetric organ), 

removing the blood clots or deposits. Considering the shape of 

the leg, the movement of the magnetic field applies an equal 

force to the surface of the sediment inside the vessel in all 

directions.  

The second method (Re-MF) is suitable in asymmetrical 

scenarios. In asymmetrical conditions, the magnetic force is 

needed only on one side of the region of interest. As the 

intensity of the magnetic field decreases sharply with increasing 

distance, the Re-MF, in which the distance from the magnet to 

the deposition remains relatively constant (e. g., the prototype 

made in this research), can be considered a more suitable 

approach for asymmetrical conditions.  

In this method, the magnetic field can be moved around the 

body. The large distance between the magnet and the surface of 

the shunt will induce a sharp decrease in the magnetic field. The 

second method involves oscillating the magnetic field close to 

the surface of the shunt. For this study, we developed a 

prototype device for the oscillating approach.  

The device was made using 3D printing (biocompatible 

polylactic acid (PLA)). A stepper motor controlled by a 

programmable logic controller (PLC) moved the magnets 

precisely. A permanent magnet that moves with various 

frequencies and oscillation lengths was placed on the device. 

Furthermore, these experiments used a commercial shunt from 

the company G. Surgiwear Ltd. The shunt had a diameter of 5 

mm. Fig.4(a) shows the thickness of the calcification layer and 

the position of the permanent magnet. 

C. Experimental setting: 

In these experiments, the input parameters include the 

magnetic field strength (0.1, 0.15, 0.22, and 0.3 T), the number 

of oscillation cycles (3500, 7000, 10000, and 11000), and the 

oscillation speed (1, 3, 6, 9, and 12 cm/s). The output of the 

experiments was the percentage of calcification layers that were 

abraded. For this purpose, the weight of the calcification layer 

was measured before and after the abrading process. Eq.20 was 

used to obtain the percentage of the calcification abrasion rate. 

ImageJ software obtained the nanoparticle size (Table III).  

Calcification abrading rate (%) = 

initial weight final weight
100

initial weight


  (20) 

TABLE III 
EXPERIMENTAL SETTING 

 

Parameter value 

Size of the magnetic nanoparticles 50 nm 

Magnetic nanoparticle dosage 50 mg 

The geometry of the channel circular channel with 5 mm diameter 

Fluid  Normal saline 
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Fig.4. (a) The schematic of the prototype device for carrying the magnetic field. (b) The prototype device for the experiments. 
 

Transmission electron microscopy (TEM) (JEM-2000 EX II; 

JEOL, Tokyo, Japan) estimated the size of the magnetic 

nanoparticles (Fig.5 (a)). Fig.5(b) shows that the nanoparticles 

had an average diameter of 45 nm with a semi-spherical shape. 

 

 
Fig.5. Magnetic nanoparticle size. (a) TEM image of magnetic nanoparticles. 

(b) Histogram of magnetic nanoparticle size. 

The magnetization properties were measured with a vibrating 

magnetometer (VSM 7400 Lake Shore). The saturation 

magnetization (Ms) and retentivity (Mr) values of the 

synthesized magnetic nanoparticles were 49.62 (Am2/kg) and 

2.456 (Am2/kg), respectively (Fig.6).  

 
Fig.6. The vibrating-sample magnetometer (VSM) analyses of magnetic 

nanoparticles. 

IV. SIMULATION AND RESULTS 

A. Simulation of contact mechanics  

This section presents the simulation results of contact 

theories. The purpose of these simulations was to obtain the 

deformation range caused by the magnetic force applied to the 

nanoparticles. In Fig.7, the indentation depth diagram is plotted 

with respect to force. This diagram considers various magnetic 

fields. According to the equations presented (Eq.7 to Eq.12), as 

the magnetic field increases, the amount of magnetic force 

increases. Based on these equations, the indentation depth is 

directly linked to the magnetic force. 

 Thus, according to the Hoeprich theory, the maximum 

amount of deformation in B=0.3 T is 4.4 nm, in B=0.22 T is 2.4 
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nm, in B= 0.15 T is 1.9 nm, and in B=0.1 T is 1.2 nm.  Based 

on Eq.12, the Hoeprich theory could calculate a large 

deformation.  

In all the simulations, the Hertz and Lundberg theories had 

the lowest indentation depths. This result is because these 

theories only apply to small deformations. Given the 

similarities between the Nikpur and Dowson theories, the 

amount of deformation created with these two theories was very 

similar.  

 
Fig.7. The relation between different indentation depth models and magnetic 

force (under various magnetic fields). 

B. Simulation of the microswarm movement 

For dominant mode calculation, we first obtained the initial 

conditions, including geometry, contact mechanics, and 

magnetic force. The set of forces acting on the nanoparticles 

was then calculated using Eq.17 and Eq.18. If this calculated 

force was greater than the friction, then oscillation began. The 

dominant motion mode could be predicted based on the 

magnitude of the force and the type of friction. 

 The microswarm motion modes appear in Fig.8 .For the 

condition presented in Table IV (Due to the complexity of 

calculating the properties of microswarm, this section uses the 

properties of a nanoparticle), sliding occurred first. According 

to Fig.8(a), after 0.16 seconds and with 0.143 N force, the 

microswarm started sliding. The rolling mode occurred with 

23.09 KN force in 63.77 seconds (Fig.8(b)). The dominant 

mode of motion determines the amount of force which is 

required to move the microswarm. Finally, the required 

magnetic field and its range can be predicted using the force 

magnitude.  Figs.8(c) and 8(d) display the force and time with 

respect to the mass. As the particle mass increases, the critical 

time will decrease, and critical force will increase. This result 

was expected since the mass increases particle dimension and 

contact area. Therefore, the total force will increase, which 

promotes faster particle movement. 

TABLE IV 
 CONDITIONS IMPLEMENTED FOR A SINGLE NANOPARTICLE 

 

Mass (mg) Modulus of 
elasticity 

(G pa) 

Poisson 
ratio 

s  rs  

3

kg
( )
m

  

50 170 0.37 0.1 0.8 1000 

Finally, from the simulation results (Fig. 8), the upper limit 

for the force required to start particle movement was 0.15 N. 

Therefore, the magnetic field with 0.3 T intensity is safe for the 

proposed approach.  

  

  
Fig.8. The type of motion modes (sliding and rolling mode). (a) Sliding mode; (b) rolling mode; (c) critical time and force for different mass (sliding); (d) critical 

time and force for different mass (rolling). 

(a) (b) 

(c) (d) 
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C. Experimental results 

The proof-of-concept experiments assessed the proposed 

technique. All experiments were performed three times. The 

results confirmed that the proposed strategy could remove the 

calcification layers in the shunt. Fig.9(a) shows that the 

calcification layer in the interior of the shunt was removed in 

the direction of the magnet movement.  

The effect of the magnetic field strength and the velocity of 

the magnetic oscillation on the calcification removal were also 

examined. Increasing the intensity of the magnetic field leads 

to an increase in the removal (Fig.9(b)). The indentation depth 

in the calcification layers caused by the magnetic nanoparticles 

increases when the magnetic field increases. A 0.1 T magnetic 

field strength required 60 minutes to remove 100% 

calcification. Increasing the magnetic field strength to 0.3 T 

decreased the time to 20 minutes. Furthermore, the amount of 

calcification wear increased with increasing magnetic field 

strength. Increasing the intensity of the magnetic field elevated 

the force exerted on the magnetic nanoparticles, which 

ultimately produced greater penetration of the calcification 

surface by the magnetic nanoparticles. Therefore, increasing the 

normal force will increase the indentation rate of the 

nanoparticle at the target surface, as shown in Fig.9(b). 

The magnetic force has two components with respect to the 

deposition removal direction, the normal and tangential 

components. The normal component leads to penetration of the 

surface by the magnetic force. The tangential component is due 

to friction (an indirect effect of the magnetic force). 

The tangential component leads to substance removal from 

the surface The forces appear in Fig.3. The ideal case (β=0) is 

used to explain the mechanism. Increasing the magnetic field 

intensity (normal component) elevates the surface penetration 

by the nanoparticles (abrasive tool), which results in higher 

material removal rate.  

The effect of the oscillation velocity on the abrading rate of 

the calcification appears in Fig.9(c). The experimental results 

show that, as expected, there is a direct relation between the 

speed of the magnetic field and the rate of calcification 

abrading. However, as the speed of the movement of the 

magnetic field increases, the amount of the calcification 

removal will decrease sharply, which is linked to the step-out 

frequency. This result can be attributed to the fact that as the 

magnetic field travels faster, the magnetic nanoparticles cannot 

follow it (velocity=12 cm/s). Under high-velocity magnetic 

field oscillation, abrasive microswarms cannot remove 

calcification. Therefore, the process should set an upper speed 

limit. All samples were measured for 10 minutes, but the 

velocity=9 cm/s reached 100% wear in 7 minutes.  

On the other hand, the field movement velocity affects the 

material removal rate. The faster magnetic nanoparticles move, 

the more calcification will be removed. Although an increase in 

the removal is observed with the rise in the velocity, once it 

passes the maximum threshold limit (depending on the material 

properties of the abrading particles), the particles cannot follow 

the field, and the particle removal will decrease significantly 

(shown in Fig. 9(c)). 

 
 

  
Fig 9. (a) Radiographic and schematic image of the calcification shunt. (b) The effect of the magnetic field strength on the total layer removal time. Individual standard 

deviations were used to calculate the intervals (95% CI for the mean). (c) The calcification removal layer for different oscillating field velocities; the magnetic field 

was 0.3 T, and the processing time was 10 min (* note, for 9 cm/s, the total removal was achieved at 7 minutes). Individual standard deviations were used to calculate 

the intervals (95% CI for the mean). (d) The cell viability of macrophage cells following exposure to magnetic nanoparticles was assayed with MTT after 24 hrs (* 

p<0.001 analysed with a one-way ANOVA versus control groups). 
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The magnetic abrasive finishing (MAF) process (a non-

traditional manufacturing process) follows a similar removal 

mechanism [28]. The link between abrading particles' 

rotational speed and material removal is also reported in [29]. 

The biocompatibility of the nanoparticles was also 

investigated at different concentrations of Fe3O4 for 24 hours, 
as shown in Fig. 9(d). This experiment showed that 

concentrations lower than 100 µg/mL had minor effects on 

cytotoxicity. After intravenous injection, the magnetic 

nanoparticles may interact with extracellular matrix 

components, the plasma cell membranes of macrophages, and 

endothelial cells [30]. Therefore, it is vital to study the 

biocompatibility of magnetic nanoparticles. Various 

concentrations of magnetic nanoparticles at different times 

showed cellular biocompatibility. As illustrated in Fig.9(d), the 

Fe3O4 nanoparticles exhibited almost no toxicity in the range 

of 6.25–50 µg/mL for human macrophages, while observable 

toxicity was detected at 200 µg/mL. Therefore, increasing the 

concentration of magnetic nanoparticles leads to escalating 

cytotoxicity. In addition, cytotoxicity will increase with 

increasing cell incubation times. Therefore, Fe3O4 is not toxic 

to human macrophage cells at low concentrations. 

V. VALIDATION 

This section describes the validation of the outputs following 

the simulation and experiments, as shown in Fig 10. It displays 

the force diagram in terms of an indentation depth for the 0.3 T 

magnetic field (Fig.10(a)). We used an indirect method to 

measure the indentation depth experimentally. First, the mass 

of the removed calcification layer is measured for a specific 

number of oscillations. Then the mass is calculated for each 

oscillating motion. Next, considering the number of 

nanoparticles in contact with the surface (from geometry), the 

amount of mass removed per nanoparticle is estimated 

[27,31,32]. 

Fig.10 (b) shows the error rate based on the experimental 

results. The Lundberg and Hertz theories showed the lowest 

indentation depth. These theories are appropriate when the 

indentation depth is shallow. Since these two theories only 

apply to small deformation states, their simple equations 

cannot predict large deformations. The Dowson and Nikpur 

theories produced relatively similar results.  

The Hoeprich theory is more suitable for calculating a large 

degree of deformation. As the force increases, the adaptation of 

this theory to the experimental results increases. In general, the 

Hoeprich model has a sizeable deformation nature. When the 

applied force increases, this model can predict the amount of 

deformation better than other models. The Hoeprich model can 

therefore estimate the force needed for calcification removal 

(12.1% deviation). For the Dowson, Nikpur, Lundberg and 

Hoeprich theories, this value was 12.6%, 13.2%, 19.7% and 

21.4%, respectively. 

VI. CONCLUSION 

This research study provides a new, non-invasive 

intervention technique to eliminate shunt calcifications 

wirelessly by using magnetic nanoparticles. The non-invasive 

nature of this method is a considerable advantage, potentially 

eliminating the risk of surgery-related infection, decreasing 

recovery time, and elevating patient satisfaction. One of the 

challenges is limiting the intensity of the magnetic field applied 

to the patient. In the proof-of-concept experiments, the distance 

between the shunt and the magnetic field was 2 mm to enable 

the testing of a range of magnetic fields. However, in realistic 

scenarios, the shunt is placed inside the body where the distance 

is greater than 2 cm. To mitigate this drawback, researchers 

should use stronger permanent magnets. The next step of this 

research is to perform in vivo studies.   

 

 

 

Fig.10. (a) Comparison between the experimental results and the simulation 

results (magnetic field 0.3 T). (b) Error percentage based on the experimental 

results. 

The experimental results showed that as the magnetic 

intensity increased from 0.1 T to 0.3 T, the time required to 

remove the calcification layer reduced by 33%. Increasing the 

frequency of the magnetic field oscillation from 1 cm/s to 9 

cm/s caused a notable increase in the removal of the 

calcification layer initially. However, after reaching the step-

out frequency (12 cm/s speed), the rate of calcification removal 

decreased since the nanoparticles could not follow the field. To 

simulate the movement of the magnetic nanoparticles, two 

modes of motion—sliding and rolling—were evaluated. The 

results showed that the sliding mode was the most suitable for 

this process. The experimental data were consistent with the 

theoretical predictive model. Five contact models, including 

Hertz, Lundberg, Dowson, Nikpour and Hoeprich, were 

investigated to calculate the indentation depth. The results 

showed that the Hoeprich theory was the ideal option, with a 

12.1% error. 
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