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Abstract: The purpose of this manuscript was to design a better method for recovery from 
rhegmatogenous retinal detachment (RRD) surgery. We attempted to achieve this by designing a 
helmet that can manipulate intraocular magnetic nanoparticles (MNPs) and create a magnetic 
tamponade, eliminating the need for postoperative head positioning. A simulated analysis was 
developed to predict the pattern of magnetic force applied to the magnetic nanoparticles by external 
magnetic field. No participants were involved in this study. Instead, magnetic flux and force data for 
three different helmet designs were collected using virtual simulation tools. A prototype helmet was 
then constructed and magnetic flux and force data were recorded and compared to virtual data. For 
both virtual and physical scenarios, magnitude and direction of the resulting forces were compared to 
determine which design created the controlled direction and strongest forces into the back of the eye. 
Of the three virtual designs, both designs containing a visor had greater force magnitude than magnet 
alone. Between both designs with visors, the visor with bends resulted in forces more directed at the 
back of the eye. The physical prototype helmet shared similar measurements to virtual simulation 
with minimal percent error (Average = 5.47%, Standard deviation = 0.03). Of the three designs, the 
visor with bends generated stronger forces directed at the back of the eye, which is most appropriate 
for creating a tamponade on the retina. We believe that this design has shown promising capability 
for manipulating intraocular MNPs for the purpose of creating a tamponade for RRD. 
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Abbreviations: RRD: Rhegmatogenous retinal detachment; PPV: Pars Plana Vitrectomy; PR: 
Pneumatic retinopexy; MNP: Magnetic Nanoparticle 

1. Introduction 

Rhegmatogenous retinal detachment (RRD) occurs when vitreous fluid enters the subretinal 
space through a break within the retina. RRD is an ocular emergency that involves surgical 
reattachment to restore compromised visual function before the loss is irreversible. There are three 
primary techniques for reattachment: pars plana vitrectomy (PPV), pneumatic retinopexy (PR), or 
application of a scleral buckle [1]. PPV and PR techniques account for most surgical attachments, 
composing about 74% and 15% of retinal reattachments, respectively [2]. While at their core both 
procedures utilize cryopexy or laser photocoagulation to adhere the retina to the RPE, it is common 
for both procedures to involve the injection of an intraocular bubble (gas or in silicon oil) to assist 
with the reattachment [3]. With specific head positioning, the bubble acts as an 
endotamponade within the eye, preventing fluid from passing through the repair. Additionally, its 
buoyant and hydraulic forces press the retina into the RPE to further facilitate chorioretinal adhesion 
during the postoperative period while the subretinal fluid is absorbed [4]. 

There is strong data suggesting that the formation of adhesion with optimal tensile strength 
takes 7–14 days, and maintenance of a gas tamponade against the retinal break is considered 
essential to this process [5–9]. Depending on the location of the break, a specific head positioning is 
required throughout this recovery period. However, posturing of the head during this time span can 
be a major inconvenience for patients, especially for those with inferior tears that require prone or 
head-inferior positioning and in pediatric cases. Many surgeons therefore ask their patients to follow 
strict positioning recommendations for at least 3–7 days [10,11]. Still, posturing for even this 
shortened timespan is difficult and can be affected by physical constraints such as arthritis or body 
habitus. Additionally, prolonged positioning can cause compression sores, deep vein thrombosis, 
among other complications [4]. Consequently, many patients demonstrate poor compliance with 
positioning recommendations, and this been proven to be a culprit for failed procedures [12]. This 
dissonance between the importance of patient positioning compliance for successful reattachment 
and the reality that compliance is historically poor points to the need for an alternate method to 
obviate the need for long-term tamponade determined by patient positioning. The solution may lie 
with the utilization of nanoparticles and magnetic forces. 

We aim to use the same principle to create a magnetic tamponade for RRD, utilizing a magnetic 
fluid bubble created from magnetic nanoparticles (MNPs) coated in biocompatible gel. MNPs can be 
specifically sized to elicit a desired superparamagnetic response and positioned against a retinal tear by 
using a magnetic helmet. The biocompatible gel bonds the MNPs and makes them fluid. Similar to 
silicon oil injection, this MNP fluid would be injected following air-fluid exchange and removal of 
subretinal fluid. It then has the potential to be removed through regular viscous extraction or kept within 
the eye given its biocompatibility. If this method were to replace the current postoperative positioning 
approach, it would have an immense benefit not only on quality of recovery in terms of convenience, but 
it would also increase the rate of successful reattachment. Currently, between 10–30% of cases require 
further intervention to correct failed reattachments [13,14]. Most failures occur early on in recovery, 
meaning a large portion will occur during a time when proper tamponade positioning plays such a 
large role in reattachment [15]. As posturing compliance determines tamponade position, this new 
approach could significantly decrease the current rate of failed reattachment. A helmet that positions 
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the tamponade without head posturing would therefore effectively eliminate failed reattachment due 
to compliance related failed tamponade placement. In this manuscript we explore simulations of 
several magnetic helmet designs to control intraocularly injected MNPs and create a magnetic 
tamponade for RRD repair. We then apply this data to construct a physical helmet for testing and 
successfully demonstrate capability of external excitation of MNPs using a magnetic helmet. It is our 
hope that the optimal helmet design could mimic the standard achieved with current practices while 
completely eliminating the requirement of head posturing postoperatively. 

2. Methods 

2.1. MNP force simulation tool 

In order to analyze the effectiveness of the physical visor along with other theoretical designs, a 
proprietary simulation tool for calculating the magnetic force acting on MNPs within the vitreous 
humor was employed. Using the following formula 1: 

𝐹⃑𝐹𝑚𝑚𝑚𝑚𝑚𝑚 =  4𝜋𝜋𝑎𝑎3
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in which a is the radius of the particle, χ is the magnetic susceptibility of the particle, and H is the 
magnetic field at a given coordinate, the magnetic force acting on a single, spherical MNP was able 
to be calculated. By utilizing Finite Element Method Magnetics 4.2 (FEMM) and its included 
MATLAB function library, the magnetic field at a defined location on the plane that passes through 
the middle of the visor with respect to the z-axis was able to be simulated and programmatically 
extracted from the FEMM answer file (.ans) corresponding to the selected FEMM geometry file 
(.fem). Furthermore, using basic numerical methods, the derivatives of the x and y components of the 
magnetic field with respect to both axes were also able to be calculated. Using these results and 
derivative calculations combined with user inputted material and nanoparticle parameters, the 
simulation tool then calculated the magnetic forces acting on these MNP’s and subsequently 
visualized the results.  

The magnetic force acting on MNPs with a radius of 25 nm and a magnetic susceptibility of 20 
in various magnetic fields created by different helmet designs was calculated at the 12 different 
locations representing the boundary of the globe (Figure 1).  

2.2. Visor design 

A metal visor was devised to better manipulate the strength and direction of the magnetic force 
acting on MNPs near the region of the eyes. The visor prototype for this study was composed 
entirely of galvanized steel, which was cut from a sheet of this metal, and was shaped in order fit 
around a human head (Figure 2a). The visor layered multiple strips of this steel and measured 
approximately 6 centimeters wide and 55 centimeters long. Keeping in mind that human heads vary 
in circumference, Velcro straps were attached to the ends of the metal strip to allow for easier 
adjustability and greater security on the patients’ head. To additionally help the visor to stay in place, 
fastening straps were put around the perimeter of the visor in such a manner to create a helmet that 
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conformed to the top of the head. To realize the effects of including the visor for this study, a 2’’ x 2’’ 
x 1’’ N45 magnet rated with a field of 500 mT was attached to the inner part of the visor.  

 

Figure 1. CT scan of a typical human head superimposed on top of the simulation field 
of a N45 magnet (Dimensions: 1’’ x 2’’ x 2’’) positioned such that the North Pole is 
pointing towards the top of the page. Additionally, an enlarged image of the reference 
points P1 through P12 are included. These points are positioned around the radius of the 
right eye such that a point occurs every 30 degrees. 
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Figure 2. A. Physical visor composed of strips of galvanized steel with Velcro straps 
attached to the front of the visor to help maintain the visor’s shape. Additionally, a N45 
magnet (Dimensions: 1’ x 2’ x2’) is fixed to the back of the visor. B. An Extech AD/DC 
Magnetic Field Meter (SDL900) and its corresponding probe configured within the 
adjustable plastic measuring apparatus that allows for steady measurements at a 
consistent distance from the bottom of the magnet. 

Specifically, three helmet designs were simulated: a magnet at the back of the head alone, a 
back magnet with the addition of a metallic visor wrapping around to the front of the head ending in 
front of the eyes, and a back magnet and metallic visor with the addition of bends in front of the eyes 
(Figure 2a). Due to the lack of galvanized steel within FEMM’s default material library, the material 
of the visor was defined as hot rolled low-carbon steel due to the similarity of the two materials. 
Additionally, local simulation correction factors were determined at each of the 12 points of interest 
in order to correct for the differences in the materials and other external factors. 

2.3. Magnetic force measurement and simulation correction factors 

An Extech AD/DC Magnetic Field Meter (SDL900) and a plastic adjustable measuring 
apparatus (Figure 2b) was used to measure the magnetic fieldlux with and without the visor at the 12 
different points of interest representing the boundary of the globe. The plastic measuring apparatus 
was composed of a sparse framework and was positioned several inches away from the magnet on all 
sides and was used to hold the tip of the probe within the plane middle horizontal plane of the 2’’ x 
2’’ x 1’’ N45 magnet. The measurements taken for the setting without the visor were then compared 
to the corresponding simulated model of this singular N45 magnet in order to calculate the correction 
factor using formula 2: in order to derive local x and y simulation correction factors (Table 1) that 
were applied to all subsequent simulations. The resultant force at each point is the result of magnetic 
forces on the x and y directions, where each required a correction factor as follows:  
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𝐶𝐶𝐶𝐶𝑖𝑖,𝑥𝑥 = 𝐻𝐻𝑖𝑖,𝑥𝑥(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝐻𝐻𝑖𝑖,𝑥𝑥 (𝑠𝑠𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

;  𝐶𝐶𝐶𝐶𝑖𝑖,𝑦𝑦 = 𝐻𝐻𝑖𝑖,𝑦𝑦(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝐻𝐻𝑖𝑖,𝑦𝑦 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

                 (2) 

in which CF corresponds to the x and y correction factors for each of the 12 points of interest (i).  
Using formula 1, the force formula with simulation corrections (formula 3) can be defined as: 
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in which the local x and y correction factors are being applied to every value that is derived from the 
simulated magnetic field values. 

3. Results 

3.1. Simulation correction factor 

Using formula 3, the simulated FEMM values were correlated with the recorded values of the 
Extech Field Meter. These values for the local correction values (Table 1) ranged from 0.220-0.305 
for the x direction and 0.287-0.364 for the y direction. 

Table 1. Local correction factors for the x and y components of the magnetic field for 
each of the 12 points of interest. The measured field values were measured using a Gauss 
metered for a physical representation of the “Magnet Only” setting. The simulated field 
values were derived from the “Magnet Only” FEMM simulation. 

 

3.2. Validation of the simulation correction factors using the physical prototype 

In order to validate the local correction factors calculated, additional physical and simulated 
field measurements were collected for the physical visor design representing the “Helmet with Bends” 
setting and its corresponding FEMM file. As with the previous simulations, 12 points representing the 



9387 

Mathematical Biosciences and Engineering  Volume 18, Issue 6, 9381-9393. 

relative boundary of the eye were used as points for measuring the physical and simulated helmet 
(Table 2).  

Initial physical measurements proved to be smaller than those simulated at each corresponding 
point. This decrease in field strength going from the simulations to the physical prototype is likely 
caused by the obfuscation of the magnetic flux due to the non-ideal surface interfaces between the 
magnet and the layers used to create the visor in addition to other slight material imperfections found 
within the N45 magnet and galvanized steel. However, even with this slight decrease between the 
measured the simulated fields, the overall percent error was relatively low with an average of 5.48% 
and standard deviation of 3.32% (Table 2). 

Table 2. The measured and corrected simulated field for each of the 12 points of interest 
for the “Helmet with Bends” setting. The measured field values were measured from a 
physical magnet and metallic visor representing the “Helmet with Bends” setting while 
the simulated field values were derived from the “Helmet with Bends” FEMM simulation. 
These simulated field values were then corrected for using the corresponding local 
correction factor.  

 

3.3. Theoretical analysis for helmet designs 

The three design settings represented in Figure 3 were simulated (Table 3). These recorded 
values represent forces placed on both the x and y plane and their resulting total magnitude of force. 
Looking at the magnetic force data displayed in Table 3 for the “Magnet Only” setting, the total 
forces range from 9.76E^-21-3.04E^-20 N on each nanoparticle. As expected, the magnetic force 
generated is primarily directed in the negative y direction toward the magnet. For this geometry, all 
12 points had forces placed in the medial direction.  
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Figure 3. Simulation of different magnet and helmet configurations. CT scan of a typical 
human head superimposed on top of the simulated field of a N45 magnet (Dimensions: 1’’ 
x 2’’ x 2’’) for representation of the construct. A. “Magnet Only” simulation setting 
which only compromise a N45 magnet. B. The “Helmet Default” simulation setting and 
C. “Helmet with Bends” simulation setting. The circle that encompasses points P1-P12 is 
shown in red identifying the eye of interest (right eye). 

Table 3. Values for the components and magnitude of the magnetic forces applied on 
magnetic nanoparticles (r = 25 nm, χ = 20) located at each of the 12 points of interest for 
each of the simulation settings. 

 

For the “Default Helmet” setting, a visor was added to the back magnet. With the addition of 
the visor, a significant increase in total force was created, ranging from 1.51-4.47E^-20 N. Again, the 
y component of the magnetic force vectors simulated is many times larger than the x component. For 
this design, however, the addition of the visor resulted in a larger x component of force that had more 
influence on the resulting magnetic force vector. 

For the “Helmet with Bends” setting, a bend was placed on both sides of the front portions of 
the visor. The total force magnitudes for this simulation ranged from 1.86-3.94E10^-20 N, showing 
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an increase for nearly all points compared to the other designs, barring P5-P6 of the “Default Helmet” 
design outperforming the “Helmet with Bends” design.  

3.4. Comparison of helmet designs 

From this data and its subsequent visualizations (Figures 4 and 5), several important trends were 
noticed in regard to all three simulations. As expected with the “Magnet Only” simulation, there was 
an increase in the total magnitude of forced placed on the various positions, most notably, there was 
an increase from the anterior to the posterior of the eye with a 1.273-fold increase from P12 to P6. 
This is even more so for the “Default Helmet” geometry with the addition of a visor, having a 
1.647-fold increase from P12 to P6. With the addition of the bends in the “Helmet with Bends” 
design, there is only a 0.568-fold increase in total magnitude of force from front to back between P12 
and P6. This discrepancy, however, is due to larger x-coordinate forces being placed on the front 
positions contributing to larger total force. 

 

Figure 4. Magnitude of magnetic forces acting on a magnetic nanoparticle (r = 25 nm, 
χ = 20) located at each of the 12 points of interest for each of the simulation settings. The 
front and back of the eye have additionally been labeled for reference. 
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Figure 5. A. Direction of scaled magnetic forces vectors acting on a magnetic 
nanoparticle (r = 25 nm, χ = 20) located= at each of the 12 points of interest for each of 
the “Magnet Only” simulation setting. The front and back of the eye have additionally 
been labeled for reference. B. Direction of scaled magnetic forces vectors acting on a 
magnetic nanoparticle (r = 25 nm, χ = 20) located= at each of the 12 points of interest for 
each of the “Helmet Default” simulation setting. The front and back of the eye have 
additionally been labeled for reference. C. Direction of scaled magnetic forces vectors 
acting on a magnetic nanoparticle (r = 25 nm, χ = 20) located= at each of the 12 points of 
interest for each of the “Helmet with Bends” simulation setting. The front and back of the 
eye have additionally been labeled for reference. 

For the y component of force for each design, the increase from P12 to P6 was 1.072-fold, 
1.724-fold, and 0.862-fold respectively for the three aforementioned settings. Notably, while the 
increase from P12 to P6 was proportionally the smallest for the “Helmet with Bends” setting, the 
average magnitude for the y component of force between these two points was the largest for the 
“Helmet with Bends” setting (2.92E^-20) when compared to the “Magnet Only” (2.83E^-20) and 
“Default Helmet” (1.75E^-20) settings. Furthermore, including the metallic visor with the “Default 
Helmet” and “Helmet with Bends” settings resulted in the magnitude of the y component of force 
increasing for every point when compared to the “Magnet Only” setting barring P2 from the “Helmet 
with Bends” setting. When these two visor settings are compared directly, the “Default Helmet” 
outperforms the “Helmet with Bends” setting for 7 of the 12 points of interest (P1-P7). This would 
suggest that the “Default Helmet” setting would be best suited for applications where force would 
need to be applied directly to the posterior of the eye. 

In respect to the x component of force, the direction was the same for all points in each 
simulation; however, the magnitude varied greatly based on design. Most notably, 7 of the 12 points 
for the “Default Helmet” setting (P2; P6-P11) saw a decrease in the x component of force in 
comparison to the “Magnet Only” setting. Conversely, only 4 of the 12 points for the “Helmet with 
Bends” setting (P6; P9-P10) followed the same trend. However, the x component of force for the 
“Helmet with Bends” setting increased at all points when compared to the “Default Helmet” setting. 
This would suggest that the “Helmet with Bends” design setting would be best utilized in 
applications where significant force needs to be additionally applied to the sides of the eye. 

 



9391 

Mathematical Biosciences and Engineering  Volume 18, Issue 6, 9381-9393. 

4. Discussion 

Within the last two decades, there has been a surge in research focusing on MNPs and their use 
in many areas of science and technology [16]. Within the field of medicine, MNPs have shown 
potential to revolutionize modern therapeutic approaches. These materials offer such an extensive 
range of utility mainly due their ability to be coupled with drugs and other materials. For the purpose 
of targeted therapy, however, it is not enough to have biocompatible drug-eluting MNP carriers. The 
placement of an external magnetic field for the purpose of precise manipulation and positioning is 
also needed [17]. With magnetic manipulation MNPs promise an even wider advantage. 

The application of an external magnet to control MNPs within biological tissue for the purpose 
of targeted therapy has been used in several areas. One of the critical complications with current 
chemotherapy technique is the inability to attack only tumor cells without killing normal tissue. One 
study successfully demonstrated that magnetic manipulation of MNPs might be the solution to this 
problem [18]. In this study, doxorubicin bound nano-carriers were targeted toward tumor cells in rats 
using an external magnet. Compared to the control, the resulting tumor size was decreased with 
reduced toxicity for normal tissue. In the effort to deliver drug therapy for inner ear diseases, MNP 
control has been tested on guinea pigs to pull drug-coated MNPs through the round window 
membrane into the middle ear by placement of a magnet on the contralateral side [19]. 

There have been a select few studies that have focused on magnetic manipulation within the eye. 
In a study with rats, a magnetic push mechanism was used to inject MNPs toward the retina [17]. 
Still, there has yet to be a study that has demonstrated the utility of a helmet designed to manipulate 
MNPs for the purpose of RRD repair.  

In this study, we have demonstrated the utility of including a magnetic system within our helmet 
designs to create a magnetic tamponade for RRD. Other studies have shown improved therapy by 
concentrating MNPs into a desired location using an external magnet [19]. Similarly, we sought to 
concentrate MNPs against the retina using similar techniques. Beginning with virtual simulations, we 
have shown that a visor is needed in addition to a back magnet to generate a stronger force than can 
be achieved with a back magnet alone. After gathering data from the theoretical simulations, we 
designed a physical prototype helmet to observe how a design would translate from virtual 
simulation to reality. With our experimentation, we demonstrated that the same trends we observed 
virtually translated successfully to a physical helmet design with minimal error. We have shown that 
this physical design has utility to pull MNPs into the back of the eye. In this manuscript, we 
calculated the magnetic force placed on one MNP. In real world application, the surgeon can 
determine the amount of liquid to cover the entire retina and generate enough force to stabilize it in 
place using calculation. A set volume of fluid contains a precise number of MNPs and therefore the 
amount of force per area of coverage can be calculated. Additionally, the surgeon can adjust the 
strength and positioning of the magnet to control force and direction to keep the retina at the desired 
position. Though our experimentation has not actually tested MNPs within the vitreous body of the 
eye, we believe MNPs when injected will be directed by the gradients described in this manuscript 
by controlling the distance and strength of the magnet as well as the density of the fluid to determine 
the amount of MNPs required. To prevent MNP penetration into the cells of the retina, the MNPs 
will be meshed together with a biocompatible polymer that prevents penetration or absorption. This 
polymer will surround the MNPs and therefore the MNPs will not directly come into contact with the 
cells. This also avoids the potential for creation of toxic compounds. 
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It is our hope to design a better method for recovery from RRD surgery. Our goal was to design 
a helmet that could magnetically control intraocular MNPs to create a magnetic tamponade and 
thereby eliminate the need for postoperative head positioning. As of now, we have only 
experimented with a physical prototype that includes a back magnet and a visor with bends angled in 
front of the eyes. This design shows promising capability to apply force to the retina. This may serve 
as an advantage for nasal RRD tears as its forces are posteromedially directed. Though we did not 
design a physical helmet for the visor without bends designs, virtual simulations show that this 
physical design would have an advantage for temporal RRD tears, as its forces are more 
posterolaterally directed.  

As we have shown through virtual and physical simulation that the addition of a visor generates 
a greater magnitude of force compared to a back magnet alone, future designs are needed to take 
advantage of this. Future designs might include the addition of metal coils toward the front to further 
extend the magnetic flux through the visor. Experimenting with different materials could also 
improve the field strength and optimize directionality of the forces. Overall, the current designs in 
this manuscript are a strong starting point for demonstrating our novel approach for RRD recovery as 
the results show promise for MNP manipulation. 
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