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Magnetic assembly is a promising, scalable nanomanufacturing method to organize 

nanofillers within polymer nanocomposites. Nanocomposites, tailorable multifunctional 

materials, are critical for the advancement of aerospace technologies because 

nanocomposites can be potentially engineered to function for long operation endurance with 

light-weight, structural integrity, high thermal and radiation stability, and even with 

actuation/morphing capabilities. However, nanocomposite application is currently limited 

due to poor scalability; bulk fabrication of nanocomposites with high-quality nanostructures 

leading to high performance characteristics is missing. Here an active assembly of 

nanofillers using oscillating magnetic fields is studied to evaluate its effectiveness of 

organizing nanofillers throughout large-size nanocomposites. The approach taken is to 

parametrically study how the frequency and the flux density of the applied magnetic field 

influence the alignment of superparamagnetic iron oxide particles. In this parametric study, 

the capability to control particle alignment geometry, including the alignment line 

separation, is demonstrated; the effectiveness of oscillating magnetic fields to align particles 

is confirmed even with weak fields or 10-100 G, and particularly with small frequencies of 

0.1-5 Hz. The alignment line separation increases by an average 50% when the frequency is 

increased from 0 Hz (DC) to 1.0 Hz with a magnetic flux density of 50-100 G. The width of 

the alignment lines shows an ~20% increase with low frequency ranges up to 0.1 Hz, but 

plateaued beyond 1 Hz. The length of the alignment lines between 50-100 G increases by an 

average 60% for low frequencies at or below 0.1 Hz, but show a decreasing trend for 

frequencies greater than 0.1 Hz. Knowledge obtained based on this study is expected to lead 

to a better understanding of nanoparticle alignment with the goal of coupon-sized 

nanocomposites with tailored and consistent nanoparticle structures in the future. 

Nomenclature 

K = anisotropy energy density 

kB = Boltzmann constant 

T = temperature 

τo = time constant 

V = particle volume 

I. Introduction 

ULTI-FUNCTIONAL polymer nanocomposites are recognized as a critical research topic because these 

materials are essential for lower-cost, low-mass and more efficient aerospace design.1 Through micro-

structure design, and with the proper choice of components, the properties of nanocomposites can be tailored to have 

high mechanical rigidity or flexibility,2 mechanical actuation,3 thermal insulation or stability,4 radiation shielding,5 

and more.6,7 However, bulk application of nanocomposites is currently not feasible because scalable manufacturing 

is missing to produce large-sized nanocomposites while maintaining organized microstructures. In the past, 

nanoparticles were directly mixed in polymers; nanoparticle distribution in the polymers was nonhomogeneous, and 

thus properties improved marginally or even degraded.8-10 In order to achieve bulk but controlled nanoparticle 

organization in nanocomposites, particle assembly using oscillating magnetic fields is investigated in this work. 
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Active assembly using oscillating magnetic fields is a promising scalable nanomanufacturing method because it 

allows for the bulk processing of nanocomposites while maintaining high periodicity and patterning capability. The 

magnetic assembly of particles has been studied in the past, but knowledge gaps exist to achieve controlled bulk 

assembly of nanoparticles. In the past, the response of ferromagnetic nanoparticles in solutions against external, 

static (DC) magnetic fields has been quantitatively evaluated through analytical and experimental studies, together 

with other effects including particle-to-particle magnetic interactions and thermal fluctuations.11 An example of 

previous studies using DC magnetic fields includes the usage of ferromagnetic materials within the human body for 

detection, separation, and treatment of cells.11-14 Also, the active and effective alignment of bulk microparticles 

(rods, platelets, etc.) has been studied in the past using oscillating magnetic fields to fabricate particle-polymer 

composites with organized microstructures leading to novel mechanical properties.15-18 These studies prove that 

effective microplatelet assembly, with optimized particle geometry and magnetic properties, can be obtained using 

very small (~1 mT, an order of magnitude above the earth’s natural magnetic field) and oscillating magnetic fields.19 

Although the previous studies demonstrated the effective assembly of nano-particles with static magnetic fields and 

also of microparticles with oscillating magnetic fields, the understanding of some critical issues on how 

nanoparticles are assembled with oscillating magnetic fields is missing: the nano-size effects, particle-to-particle 

and solvent-to-particles interactions, and the maximum size of microstructures that can be processed.  

Our work focuses on nanoparticle assembly using oscillating magnetic fields to understand and control 

nanoparticles movements in solutions, and then to eventually achieve coupon-sized nanocomposites with tailored 

and consistent nanoparticle structures, as described in Fig. 1. As a model case, we quantitatively study the response 

of superparamagnetic iron oxide nanoparticles in water when exposed to oscillating magnetic fields generated 

between a pair of solenoids. When a magnetic field is applied, the superparamagnetic particles form a collection of 

linear clusters aligned in the direction of the magnetic field. The nanoparticle concentration, along with the 

frequency and amplitude of the applied magnetic field, are varied and real-time images are collected to observe the 

effect on alignment of the iron oxide particles. The resulting images are processed using algorithms to evaluate 

alignment: number of clusters, and linear cluster geometries (width, length, and separation between linear clusters). 

As described in Fig. 1, these experimentally observed behaviors will be compared with analytical studies in the 

future to identify key parameters and their ranges that determine nanoparticle structuring; this novel knowledge on 

magnetic assembly of nanoparticles will be directly applied to scalable nanocomposites and their microstructure 

designs. 

 
Figure 1. Research overview to achieve scalable patterning of nanoparticles. 
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II. Materials and Methods 

A. Nanoparticle Solution 

Spherical, superparamagnetic iron oxide particles (Sigma-Aldrich I7643) supplied in an aqueous suspension     

(50 mg per ml in 1 mM EDTA, pH 7.0) are used in this work; the particles are amine-terminated to maintain particle 

suspension. These nano-sized particles deliver unique superparamagnetic properties because, at very small particle 

sizes (on the order of tens of nanometers),20 the magnetic moment of a particle will randomly change direction due 

to thermal energy.21 The time between changes in direction of the magnetic moment is approximated using Néel’s 

model as shown in Eq. (1), where V is the particle volume (m3), T is the temperature (K), kB is Boltzmann constant 

(m2 kg s-2 k-1), τo is a time constant (~10-9-10-10),20-21 and K is the anisotropy energy density (~13500 104 J/m3 for 

magnetite at room temperature).24 Superparamagnetic particles are characterized as having a relaxation time at or 

below 10-1 s.22 

                                                              (1) 

Transmission electron 

microscopy (TEM) images of the 

particle size and clusters are 

shown in Fig. 2; particle sizes 

were observed to be between  

~10 nm and ~20 nm, and particle 

clusters were observed to be 

between ~1 μm and ~10 μm in 

length. The clusters are roughly 

homogeneous in shape, as 

observed by the microscope in 

Fig. 3. Using spherical particle 

sizes of 10 nm and 20 nm, the 

range of relaxation time is 

calculated to be between ~10-3 

and 10-9 seconds indicating 

superparamagnetic behavior. It is 

hypothesized that the clusters 

form due to a combination of van der Waals forces, 

electrostatic potential, and/or chemical interactions. 

Due to the superparamagnetic behavior of the 

particles, magnetic interactions are not expected 

between the particles and/or clusters without an 

external magnetic field. 

The magnetic properties of the iron oxide particle 

solution are characterized using a vibrating sample 

magnetometer (MicroSense Vibrating Sample 

Magnetometer) as shown in Fig. 4. A solution 

concentration of 4 mg/ml is housed in a container of 

volume  6.77x10-2 ml. The solution container is 

inserted between the solenoid coils, and is then 

vibrated in a uniform magnetic field. The induced 

magnetic flux is proportional to and obtained 

through the induced voltage measured by the 

detection coils. The M-H magnetic response of these 

superparamagnetic particles was measured to be 

anhysteretic due to the reversal of the magnetic 

moment.20 The magnetic saturation is approximately 

20.6 emu/g and the magnetic susceptibility is 0.61, 

in agreement with Schnyder and Pouliquen et al.22,25 

  
Figure 2. TEM images of superparamagnetic iron oxide clusters. The scale 

bar for the left image is 500 nm and for the right image is 20 nm. 

 

 
Figure 3. Microscope image showing the distribution of 

superparamagnetic iron oxide clusters in deionized water 

(2 mg/ml). The scale bar is 100 m. 
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B. Experimental Set-up 

The iron oxide suspension is diluted 

using deionized (DI) water to the 

concentration of 2 mg per ml. The 

solution is encapsulated in a KOVA 

Glasstic slide with a height of 0.1 mm 

and a chamber volume of 6.6 μl, and then 

is mounted between a pair of solenoids. 

With the solenoid pair (570 turns, 14.8 

cm length, 6.51 cm inner diameter, 16 

gauge enameled wire, 410 stainless steel 

core) in series, a maximum magnetic flux 

density of ~100 G is produced at a 

separation distance between the 

solenoids of 10.2 cm. The current is 

supplied to the solenoid pair by a 

KEPCO BOP 20-10M bipolar power 

supply (200 W, ±20 V, ±10 A) which is 

driven by a BK Precision 4014B function 

generator capable of producing square, 

sine, and triangle waveforms. The 

magnetic flux density is measured using 

a LakeShore Model 425 gaussmeter in 

conjunction with a BK Precision 5105B oscilloscope. Real-time images of the patterning of the magnetic 

nanoparticles are captured using an Olympus BX51WI digital microscope. The magnetic field is applied for a total 

of 15 minutes to ensure alignment saturation. Images are taken prior to the magnetic field being applied and at 5 and 

10 minutes. A 50% duty cycle square waveform with magnetic flux density amplitudes of ±10 G, ±50 G, and      

±100 G is used. Low frequencies are investigated (DC/0 Hz, 0.1 Hz, 1.0 Hz, and 5.0 Hz) based on previous work in 

the literature.19,26 A schematic and an image of the experimental set-up are described in Fig. 5. 

 
Figure 4. Magnetic hysteresis plot of superparamagnetic iron oxide 

particles (4 mg/ml). The applied magnetic fields are cycled from -

1250 kA/m to 1250 kA/m, and then back to -1250 kA/m. 

 

      
Figure 5. Experimental set-up for nanoparticle assembly using oscillating magnetic fields: 

schematic (left) and digital image (right). 
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C. Image Processing 

The microscope images are processed using analysis codes in Matlab to quantitatively evaluate particle 

morphology. The images are processed using the following procedure: 

 

i. The image is converted to grayscale. 

ii. The center region of the image is extracted due to a circular lensing effect near the edges of the image. 

iii. The image is partitioned and a threshold is selected for each partition based upon the standard deviation of 

the grayscale pixel intensity values in the partition. 

iv. The partitioned thresholds are recombined and Gaussian smoothing is applied to the overall threshold matrix. 

v. The threshold matrix is applied to the original grayscale image to produce a black and white image. 

vi. Each cluster is assigned a numerical label and clusters below a specified size are removed (to correct for 

thresholding artifacts – typically at or less than 20% of the mean cluster size). 

vii. Each cluster is stored into an array and the size, width, and length is calculated, in addition to the separation 

between clusters. 

viii. The results are converted into nm and output. 

 

Example images of the analysis process are shown in Fig. 6. The left image shows the original magnetic 

nanoparticle solution with no applied magnetic field. When the magnetic field is applied, the nanoparticles form 

alignment patterns consisting of clusters. As shown in the right image, the algorithm outputs the cluster density and 

average size, length, width, and separation of the clusters. 

III. Results and Discussion  

A. Verification of Algorithm 

Due to slight shadowing around clusters, the algorithm reproduces clusters at a slightly larger size; in all cases 

the algorithm produced slightly longer cluster lengths with an average error of approximately 3%. A comparison is 

made between the original cluster lengths and the cluster lengths output by the algorithm for three clusters at 10 G 

and 0.1 Hz, see Fig. 7. 

 
Figure 6. Microscope images showing mangetic alignment and image processing: original nanoparticle 

solution (left), and nanoparticles aligned with oscillating magnetic field (microscope image, center, and 

processed image, right). The scale bar is 100 m. 

 

     
Figure 7. Verification of cluster length calculation by comparing the original clusters (left) with the 

output algorithm results (right). 
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B. Discussion on Nanoparticle Assembly 

The nanoparticle clusters are characterized based upon four primary metrics: the average length, the average 

width, the average separation, and the density. Each metric is evaluated as a function of two parameters: magnetic 

flux density (10 G, 50 G, and 100 G) and frequency (DC/0 Hz, 0.1 Hz, 1.0 Hz, and 5.0 Hz). The results show a clear 

dependency of the alignment patterns on the frequency and magnetic flux density, as depicted in Fig. 8, Fig. 9,     

Fig. 10, and Fig. 11.  

 The particles and clusters are being acted upon primarily by four effects: the applied magnetic field, thermal 

energy, particle-to-particle interactions (e.g. van der Waals, magnetic interactions, etc), and hydrodynamics (due to 

viscosity of polymer matrices). While not shown, upon removal of the magnetic field the clusters immediately 

disperse indicating that the clusters, consisting of superparamagnetic nanoparticles, retain no net remnant 

magnetization. In addition, due to the dispersion of the clusters, it can be hypothesized that additional van der Waals 

and electrostatic interactions between particles are not responsible for cluster agglomeration as observed in Fig. 8 

and Fig. 9, except for the initial particle agglomeration shown in Fig. 3. The thermal effects are also hypothesized to 

be neglible due to the size of the clusters (~1 m or greater). In this work, the solution is deionized water and thus 

with low viscosity, so the effect of the hydrodynamics is also expected to be low. Therefore, cluster agglomeration is 

primarily controlled by the applied magnetic field and induced cluster-particle magnetic interactions. 

First, the effect of the frequency of the oscillating magnetic field will be discussed (see Fig. 8 and Fig. 10).  

When the frequency is increased from 0 Hz (DC) to 0.1 Hz, longer, wider, and more separated nanoparticle clusters 

are formed, and thus the number of nanoparticle clusters per unit area is decreased. Meanwhile, when the frequency 

increases beyond 0.1 Hz and up to 5 Hz, the average cluster width and separation plateau and stay constant beyond 

0.1 Hz, while the cluster length decreases up to and then plateaus at 1.0 Hz. It should be noted that all the pattern 

features (length, width, separation, and cluster density) exhibit the steepest changes at the low frequency range, 

 
Figure 8. The microscope images of aligned nanofillers showing the effect of frequency on cluster 

agglomeration. The magnetic flux density applied is 50 G. The scale bar is 100 m. 
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especially between DC and 0.1 Hz. Care should be exercised when interpreting the 10 G data; particles (cluster 

agglomerates less than <1 μm in size) are not sufficiently magnetized to be attracted to larger clusters and thus are 

not captured by the algorithm – this is discussed further in the following paragraph. These propensities can possibly 

be explained by considering the two main forces acting on the clusters: the magnetic moment due to the external 

magnetic field and the cluster-to-particle magnetic interactions. When the magnetic field is applied, magnetic 

moments are induced within the particles, as a collection of magnetic moments of nanoparticles within the particles, 

along the field direction. When the applied field is large enough (>10G), the particles will move along the field 

direction until they reach the vicinity of other particles or clusters and then adhere to them due to cluster-to-particle 

magnetic interactions(/attractions). Thus, in the case of a static (DC) field, the formed clusters are aligned along the 

applied field, and come in a variety of lengths with a relatively short average (see Fig. 8), as the particles will adhere 

to any other particles/clusters that come in their vicinity first. Meanwhile, when the magnetic field is oscillating, the 

particles will have a chance to detach from clusters and travel further, forming longer, wider, and more separated 

clusters. This particle detachment behavior should require a large enough magnetic field such that the induced 

magnetic moment is larger than the cluster-to-particle magnetic attractions, and also potentially requires enough 

time for the particles to react against the switching of magnetic moment directions. This hypothesis is compatible 

with observation that the cluster length, width, and separation plateau at higher frequencies. These results 

demonstrate that the magnetic field frequency has the capability to control nanofiller alignment pattering for 

nanocompositing - this includes the cluster separation, which is critical in tailoring nanocomposite properties and 

increases by an average ~50% from DC up to 1.0 Hz for 50-100 G. 

 
Figure 9. The microscope images of aligned nanofillers showing the effect of magnetic flux density on cluster 

agglomeration. The magnetic field frequency is 0.1 Hz. The scale bar is 100 m. 
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Figure 10. Particle assembly (cluster) geometries as a function of frequency: (from top to bottom) average 

cluster lengh, width, separation, and density. 
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Figure 11. Particle assembly (cluster) geometries as a function of magnetic flux density: (from top to bottom) 

average cluster lengh, width, separation, and density. 
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Second, the effect of the magnetic flux density will be discussed (see Fig. 9 and Fig. 11). With increasing 

magnetic flux density, thinner and less separated clusters are formed, leading to a slight increase in the number of 

nanoparticle clusters per unit area. As shown in Fig. 9, with the low magnetic field of 10 G, particles (cluster 

agglomerates <~1 m in size, which make the image appear ‘grainy’) are observed, together with larger clusters, 

because the induced magnetic moments are not large enough to move the particles; the threshold magnetic flux 

density resides between 10 to 50 G to align these particles. In addition, due to the small size, these particles are not 

captured by the image processing algorithm. Thus, although the processed data for the case where the magnetic flux 

density of ~ 10G is given in Figure 11, this discussions focuses on the data for the cases where the magnetic flux 

density is 50 G and 100 G, for a fair comparative study. The average cluster length is approximately constant (slight 

increase) regardless of the magnetic flux density (50 or 100 G), indicating that the cluster length is primarily a 

function of the frequency. Similarly, the cluster width and separation show only a slight decrease between 50 and 

100 G. For increasing magnetic flux density, the magnetic moments applied to the clusters increases which tends to 

elongate the clusters along the magnetic field direction – this leads to a slight reduction in the average cluster width, 

and a slight increase in the average cluster length.  

Variations in the alignment patterns due to changes in the magnetic flux density are smaller than those found due 

to changes in the magnetic field frequency, especially for the low frequency range. This trend can be explained by 

considering that frequency changes the direction of the magnetic moment while the magnetic flux density only sets 

the threshold for the magnitude of the magnetic moment required to counteract against the cluster-to-particle 

attractions. In other words, the magnetic field strength is a useful parameter for making minor modifications to the 

alignment characteristics.  

IV. Conclusion 

The goal of this work is to better understand the alignment characteristics of iron oxide nanoparticles exposed to 

oscillating magnetic fields, which will assist in enabling scalable manufacturing of tailored nanocomposites through 

active assembly of nanofillers. The frequency, particularly in the low range (~0.1 Hz) was confirmed to be the 

effective parameter to determine the alignment characteristics, including the linear cluster separation, rather than the 

magnetic flux density. This trend can be explained with the hypothesis that the nanoparticle movements were 

controlled by the two main forces: the magnetic moment due to the external field and the cluster-to-particle 

magnetic interactions. Effective control of nanoparticles with low frequencies requires less power and is thus 

advantageous. Future work will include studying nanoparticle alignment in polymer matrices and thus of 

hydrodynamic moment, investigating the effect of gravity, evaluation of the alignment patterns over large regions of 

the samples, scaling up the assembly to produce larger samples, and verifying the experimental results with 

analytical studies. 
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