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ABSTRACT
The fillers inside a polymer matrix should typically be self-assembled in both the horizontal and 
vertical directions to obtain 3-dimentional (3D) percolation pathways, whereby the fields of 
application can be expanded and the properties of organic-inorganic composite films 
improved. Conventional dielectrophoresis techniques can typically only drive fillers to self- 
assemble in only one direction. We have devised a one-step dielectrophoresis-driven approach 
that effectively induces fillers self-assembly along two orthogonal axes, which results in the 
formation of 3D interconnected T-shaped iron microstructures (3D-T CIP) inside a polymer 
matrix. This approach to carbonyl iron powder (CIP) embedded in a polymer matrix results in 
a linear structure along the thickness direction and a network structure on the top surface of 
the film. The fillers in the polymer were controlled to achieve orthogonal bidirectional self- 
assembly using an external alternating current (AC) electric field and a non-contact technique 
that did not lead to electrical breakdown. The process of 3D-T CIP formation was observed in 
real time using in situ observation methods with optical microscopy, and the quantity and 
quality of self-assembly were characterized using statistical and fractal analysis. The process of 
fillers self-assembly along the direction perpendicular to the electric field was explained by 
finite element analogue simulations, and the results indicated that the insulating polyethylene 
terephthalate (PET) film between the electrode and the CIP/prepolymer suspension was the 
key to the formation of the 3D-T CIP. In contrast to the traditional two-step method of 
fabricating sandwich-structured film, the fabricated 3D-T CIP film with 3D electrically conduc-
tive pathways can be applied as magnetic field sensor.
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1. Introduction

Organic-inorganic hybrid materials are a type of func-
tional composite material prepared by the introduction 
of inorganic fillers with enhanced properties into 
a polymer matrix [1]. The composites can be designed 
to enhance the mechanical properties and produce 
additional properties such as electrical and thermal 
conductivity while maintaining the soft, lightweight, 
and chemical resistance properties of the polymer 
matrix [2,3]. Conventional composites are prepared 
for simple single-directional enhancement of the prop-
erties and have limited fields of application [4–6]. The 
application of new functional materials with enhance-
ment of the three-dimensional (3D) multi-directional 
properties has recently been expanded to the fields of 
sensors, electromagnetic shielding, thermal manage-
ment, and energy storage [7–11].

According to percolation theory, isotropic compo-
sites formed by simply mixing a filler and matrix 
often require a high-volume fraction of filler that is 
above the percolation threshold to effectively form 
3D percolation pathways whereby significant 
enhancement of the 3D multi-directional properties 
can be achieved [12]. For example, the thermal con-
ductivity of 40 w% boron nitride (BN) nanosheets/ 
Epoxy, 10 wt% graphene/polypropylene (PP), and 
27.1 vol% ZnO/polyimide isotropic composites were 
improved with this approach by 26-, 6.5-, and 
4.1-fold, respectively [13–15]. However, the simulta-
neous addition of an excess of filler typically has 
agglomeration problems due to inhomogeneous dis-
persion, reduces the mechanical properties and 
transparency of the composites, and increases the 
manufacturing costs [16]. Therefore, the achieve-
ment of a very high level of multi-directional perfor-
mance enhancement with the addition of only a very 
small amount of filler to maintain the properties of 
the polymer matrix is necessary for the preparation of 
novel multifunctional composite materials [17].

More attention has recently been paid to the con-
struction of 3D interconnected microstructures of fil-
lers in polymer matrix, which can maximize the 
formation of effective 3D percolation networks by 
a reduction of filler-filler interfacial hindrances to 
achieve high performance enhancement with a small 
filler content. Many novel methods, including the 
chemical vapor deposition method [18], protein foam-
ing technique [19], electroless plating method [20] and 
template method [21,22], have been applied to the 
construction of 3D interconnected microstructures. 
However, these methods tend to be particularly com-
plex and high cost, which significantly limits large- 
scale production and the fields of application.

Our previous studies [23,24] and those of others 
[25,26] have employed a simple self-assembly 
approach to successfully construct one-dimensional 

(1D) interconnected microstructures of fillers within 
polymer matrix. The application of an external force 
to drive the motion and orientation of the internal 
fillers in a polymer precursor allows for control of 
the internal fillers to self-assemble into percolation 
pathways, which results in highly enhanced electrical 
and thermal conductivity performance, even with only 
small amounts of filler. For film-like composites, the 
internal filler has typically been controlled to self- 
assemble along the surface or thickness direction of 
the film to form percolation pathways with a very 
small amount of filler. Hu et al. [27] used shear force 
to align silver nanowires on the surface of a matrix to 
obtain high electrically conductive transparent films. 
Lin et al. [28] used magnetic field to assemble BN 
nanosheets in the thickness direction for high thermal 
conductivity films. However, these methods can only 
achieve self-assembly in a single direction along the 
driving force and cannot result in 3D percolation net-
works that are assembled along multiple directions. 
Methods to apply multiple external forces in different 
directions tend to be relatively complex, and the filler 
will typically be assembled along a single direction of 
the combined force rather than in multiple directions 
independent of each other [29]. Therefore, it remains 
a challenge to simultaneously control the self- 
assembly of filler materials in multiple directions dur-
ing one step.

In this study, we have developed a simple one-step 
self-assembly method to successfully fabricate iron/ 
polymer composites with three-dimensional intercon-
nected T-shaped iron microstructures (3D-T CIP) 
with very small amounts of filler (0.2–2 vol%). An 
external alternating current (AC) electric field and 
a non-contact technique were used to control the self- 
assembly of carbonyl iron powder (CIP) in a polymer. 
Firstly, the formation process of the 3D-T CIP was 
observed using an in situ observation system, and the 
degree of self-assembly of the surface network struc-
ture was then assessed by statistical and fractal ana-
lyses. The self-assembly process at the surface was 
explained by numerical simulations, and the electrical 
properties of the fabricated 3D-T CIP films were 
finally evaluated and applied to magnetic field sensor.

2. Experimental details

2.1. Materials

Carbonyl iron powder (CIP) with an average particle 
diameter of 5–9 μm and a resistivity of 9.71 μΩ·cm 
(Sigma-Aldrich Japan, cat. no. 44890) were used as- 
received without surface treatment (see the scanning 
electron microscope image of CIP in Figure S1). An 
insulating polymer matrix was formed by the poly-
merization reaction of a liquid polysiloxane precursor 
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(Shin-Etsu Chemical Japan, KE-103; viscosity: 1 Pa·s, 
volume resistivity: 0.8 TΩ·m, relative permittivity: 3.1) 
and a curing agent (Shin-Etsu Chemical Japan, CAT- 
103) in a mixing ratio of 20:1.

2.2. Sample preparation

The CIP/polysiloxane prepolymer suspension was 
prepared as shown in Figure 1(a), where different 
amounts of CIP (0.2–2 vol%) were weighed and 
mixed in a container with the KE-103 polysiloxane 
prepolymer, and the suspension was then stirred at 
1800 rpm for 15 min using a high-speed mixer (Uni- 
Cyclone UM-103S, Japan Unix). The CAT-103 cur-
ing agent was then added to the suspension at 
a mixing ratio of 20:1 and stirred at 1800 rpm for 5  
min until a homogeneous distribution was achieved. 
The resultant suspension was then immediately 
placed into a mold (18 mm × 18 mm × 220 µm) for 
self-assembly treatment before the suspension was 
cured.

As shown in Figure 1(b), the CIP/prepolymer sus-
pension was placed in a uniform AC electric field in 

the vertical direction for the electric field-induced self- 
assembly treatment. The AC electric field was gener-
ated between two indium tin oxide (ITO)-coated glass 
electrodes from an AC power supply (WT-8752, Hioki 
E.E.) with an output voltage of 50 V-5 kV (50 Hz). An 
insulating film, such as polyethylene terephthalate 
(PET) film with a thickness of 75 μm or a high- 
voltage-resistant polyimide film, was added between 
the top electrode and the suspension (considering the 
effect of gravity, the film was fabricated with the PET 
film at the bottom side as shown in Figure S2(b-1)). 
The entire system from top to bottom formed 
a sandwich shape of electrode-insulator-suspension- 
electrode (EISE). After the electric field induced treat-
ment at 60°C for 15 min, the suspension was almost 
solidified, and the specimens were then finally trans-
ferred to a thermostatic drying oven at 80°C for 1 h to 
complete the curing process.

As a control experiment, composites film with 3D 
internal self-assembled CIP microstructures was also 
fabricated using a two-step sandwich method (Figure 
1(c)). In the first step, a vertically self-assembled layer 
was fabricated using the applied magnetic field 

Figure 1. Schematic illustration of CIP/polymer composite film fabrication process; (a) fabrication of CIP/prepolymer suspension, 
(b) electric field treatment method with EISE system, and (c) two-step sandwich method as control group. (d) Schematic 
illustration of real-time in situ observation (bright-field illumination) of the movement of CIPs from (d-1) the top and bottom 
surfaces, and (d-2) the side view. (e) Schematic illustration of the fabricated composite film observation (dark-field illumination).

Sci. Technol. Adv. Mater. 25 (2024) 3                                                                                                                                                        Z. SHEN et al.



induction method, and then in the second step, 
a horizontally self-assembled layer was superimposed 
on top of the first layer using the template method to 
form a sandwich-structured film. (Refer to the supple-
mentary document of the fabrication of the sandwich- 
structured film.)

2.3. Sample characterization

2.3.1. Observation of structures
A real-time in situ observation system (Figure 1(d)) 
was used to observe the self-assembly of CIP on the 
top and bottom surfaces (Figure 1(d-1)) and in the 
thickness direction (Figure 1(d-2)). The samples 
were placed between an optical microscope (VHX- 
9000, Keyence) with a magnification of 500× and 
an LED light source, where the LED light could 
penetrate the EISE system into the microscope due 
to the good transmittance of the various layers in 
the EISE system, i.e. the ITO glass electrodes, the 
PET insulating film, and the suspension with a low 
amount of filler (0.2–2 vol%). The mechanism for 
the motion of CIPs in the prepolymer matrix was 
evaluated by in situ observation and finite element 
method simulation (COMSOL Multiphysics (ver-
sion 5.4)). After the polymer had completely 
cured into a film (Figure 1(e)), the internal CIP 
structure of the fabricated composite film was 
observed using optical microscopy with dark-field 
illumination (bright-field illumination for in situ 
observation).

2.3.2. Analysis of images
Optical microscopy images were statistically and frac-
tally analyzed using ImageJ software (version 1.53) 
[30]. The images were first subjected to background 
enhancement, grayscaling, and thresholding treat-
ment. The resulting binary image was then subjected 
to particle identification and differentiated from self- 
assembly based on the circularity of the particles cal-
culated using the following equation [30]:  

Circularity ¼ 4π
S

C2 (1) 

where S and C represent the area and perimeter of the 
recognized particle, respectively. The circularity of 
a circle is 1. When multiple circles are connected to 
each other to form a chain, the value of circularity 
gradually becomes smaller as more circles form the 
chain. Considering that the 2D images of CIP particles 
have complex shapes, the particles with circularity 
lower than 0.33 in the images are regarded as self- 
assembled CIP aggregates. (When three circles are 
connected head to tail, the circularity is 0.33.)

The CIP area ratio parameter was introduced to 
characterize the proportion of the entire surface 
space occupied by all CIP particles at the surface: 

CIP area ratio ¼
Area of all CIPs
Area of surface

� 100% (2) 

The self-assembly ratio parameter was introduced to 
characterize the ratio of self-assembled CIP aggregates 
to all CIP particles in the image. The self-assembly 
ratio was calculated by: 

Figure 2. (a-1) Top surface, (a-2) cross-section, (a-3) bottom surface micrographs, and (b) physical image of 2 vol% CIP/polymer 
composite film treated under AC electric field (0.5 kV/mm) for 15 min. (c-1) top surface, (c-2) cross-section microscopic image of 2 
vol% CIP/polymer sandwich-structured film: the top layer was fabricated using the template method for self-assembly in the 
surface direction, and the bottom layer was fabricated using the magnetic field-induced method for self-assembly in the thickness 
direction.
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Self � assembly ratio ¼ 1 �
Area of isolated CIPs

Area of all CIPs
� 100%

(3) 

where the statistical areas of all CIPs and isolated CIPs 
particles were calculated using the automatic particle 
analysis function of ImageJ software with macro pro-
cessing. The self-assembly ratio is 0% when all CIPs 
are completely dispersed in the polymer matrix, and 
100% when all CIPs are self-assembled.

The fractal dimension (D) was used to describe 
the geometrical complexity of the CIP self- 
assemblies. The contours of the CIP aggregates in 
the binarized images were extracted, and the box 
counting method was then used to count the num-
ber of different sized grids (boxes) occupied by the 
contours of the CIP aggregates [31,32]. The log 
values of the number of grids and the corresponding 
grid sizes were then calculated and plotted. Finally, 
linear regression was performed to obtain the slope 
to calculate the fractal dimension: 

D ¼ lim
r!0

log N rð Þ
log r

(4) 

where N(r) and r represent the number of boxes cov-
ering the CIP aggregates and the size of the boxes, 
respectively. The boundaries of the aggregates com-
posed of CIP in the 2D microscopic images have 
a fractal dimension between 1 and 2, where the larger 
values of fractal dimension indicate more complex 
boundaries.

The self-assembly ratio and the fractal dimension 
were used to characterize the quantity and quality of 
CIP self-assemblies, respectively.

2.3.3. Characterization of properties
The CIP/polymer composite films fabricated under 
different conditions were sandwiched between two 
copper electrodes and the current-voltage (I-V) 
characteristics were measured using a digital meter 
(Keithley 2400 source meter) and a DC power sup-
ply (Kikusui PMX350–0.2A). The contact area 
between the electrodes and the film was increased 
by rubbing the surface of the copper electrodes with 
sandpaper and applying a preload force of 3N. Due 
to the high resistance of the low concentration CIP/ 
polymer composites, the current varied considerably 
after switching on the power supply and it was 
necessary to wait for 1 minute before taking mea-
surements. For measurements of magnetic field 
response characteristics, the surface resistance of 
the fabricated film was measured by the two-point 
probe method at room temperature at a reference 
voltage of 100 V. The transmittance of the compo-
sites was measured using a ultraviolet-visible (UV- 
Vis) spectrophotometer (Jasco V650).

3. Results and discussion

3.1. Three-dimensional interconnected T-shaped 
iron microstructures

Microscopy observations of a 2 vol% CIP/polymer 
composite film treated under AC electric field (0.5 
kV/mm) were taken from different views, as shown 
in Figure 2(a) and S2. The surface micrographs 
show different aggregation structures on the top 
and bottom surfaces of the composite film. The 
top surface view (Figure 2(a-1)) shows the CIPs 
assembled with each other into two-dimensional 
interconnected network iron microstructures (2D- 
NW CIP) on the top surface of the composite film. 
However, the micrograph of the bottom surface 
(Figure 2(a-3)) shows that the CIPs were evenly 
dispersed on the bottom surface without self- 
assembly, and the number of CIPs was significantly 
less than that on the top surface. And as shown in 
Figure S2, when the PET film was placed on the 
top, the number of CIPs on the no-PET side was 
increased under the effect of gravity, but the CIP 
content on the PET side was still higher than that 
on the no-PET side.

The cross-sectional view of the approximately 220  
µm thick composite film (Figure 2(a-2)) shows the 
CIPs clearly self-assembled into one-dimensional 
interconnected linear iron microstructures (1D-I 
CIP) along the thickness direction of the film, which 
connected the top and bottom surfaces of the compo-
site film. At the same time, there was a very thin layer 
of CIPs at the top end of the cross-sectional view but 
not at the bottom end.

The structure formed in the composite film was 
termed a three-dimensional interconnected T-shaped 
iron microstructure (3D-T CIP), which resembles the 
letter ‘T’ when viewed from the side.

In previous reports, the filler could only be 
assembled along a single direction by the conventional 
self-assembly method, i.e. the surface or thickness 
direction of the film [33–35]. As shown in 
Figure 2(c) and Figure S3, the traditional single- 
direction self-assembly method involves at least two 
steps to form the 3D sandwich-structured film. In the 
present method, the self-assembly of CIPs in both the 
film surface direction and film thickness direction was 
achieved in only one step. In comparison with the 
two-step sandwich-structured film, the present one- 
step method is simpler. Under the same fabrication 
conditions, the one-step 3D-T CIP film is thinner 
(Figure 2(a-2),(c-2)), which increases the application 
field and reduces the fabrication cost. Moreover, as 
shown in Figure S3(d), in the sandwich-structured 
film, the separately fabricated CIP structures in the 
top and bottom layers were not matched, which 
affected the formation of the 3D percolation pathways. 
In contrast, the 3D-T CIP film had a continuous and 
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tightly integrated 2D-NW CIP and 1D-I CIP, which 
enhanced the formation of 3D percolation pathways.

3.2. Kinematic mechanism of 3D orthogonal 
bidirectional self-assembly

The one-step 3D self-assembly method is referred to as 
orthogonal bidirectional assembly, which means that 
the CIPs are self-assembled simultaneously along the 
directions parallel (thickness direction) and perpendi-
cular (surface direction) to the electric field. The for-
mation of the 3D-T CIP structure can be considered as 
a combination of three actions, i.e. self-assembly along 
the vertical direction, aggregation on the top surface, 
and self-assembly along the horizontal direction.

3.2.1. Self-assembly in the parallel electric field 
direction and aggregation on the PET film surface
The motion of CIPs in the prepolymer under an 
applied electric field was observed using an in situ 
observation system. Figure 3 and Supplementary 
Video S1 show that under the action of the applied 
electric field, the dispersed CIPs moved at high speeds 
and assembled with each other over time. This is 
because fillers were induced to polarize by the applied 
electric field and assembled with each other under the 
action of the dipole – dipole interaction [36,37]. 
Finally, the CIPs assembled into one-dimensional 
interconnected I-shaped iron microstructures (1D-I 
CIP) along the direction of the electric field. After 
the 1D-I CIP was formed, the neighboring 1D-I CIP 
would be attracted to each other and combine to form 
a single 1D-I CIP. Therefore, the density of the 1D-I 

CIP can be controlled by controlling the application 
time of the electric field. For example, increasing the 
working temperature and using curing promotion 
agent to speed up the curing of the polymer.

Extremely high electric fields are typically required 
to drive sub-micron sized filler particles due to the 
high viscosity of the liquid polysiloxane prepolymer. 
When linear conductive CIP pathways are formed 
between the electrodes, the resistance of the system is 
significantly reduced, which leads to electrical break-
down of the system at high voltage and low resistance 
[38]. Therefore, a non-contact technique of adding an 
insulating film between the electrode and the suspen-
sion was used to prevent electrical breakdown of the 
system.

Figure 3(b) shows that after the applied electric 
field treatment, many CIPs were aggregated near the 
surface of the insulator film, but no CIP aggregation 
was observed at the side that was in direct contact with 
the electrode. After the AC electric field treatment, the 
3D-T CIP was formed, as shown in Figure 3(c).

As shown in Figure 4(a), on the side without the 
insulator PET film, contact charge electrophoresis [39] 
occurs once the CIP in contact with the electrode. The 
uncharged CIPs are charged near the electrode, at 
which moment the CIP have the same charge sign as 
the electrode, which creates a repulsive force between 
the electrode and the charged CIP. But on the side 
with the PET film, the CIPs were blocked by the PET 
film when they approached the electrode and could 
not continue to approach the electrode.

In our previous study [40], two insulating PET 
films were placed at both the top and bottom sides 

Figure 3. 0.5 vol% CIP/prepolymer suspension under AC electric field (1 kV/mm) as a function of the application time; (a-1) 0 s, 
(a-2) 5 s, and (a-3) 20 s. (b) After applying the electric field for 300 s, (b-1) a large amount of CIP aggregates on the left insulator 
surface, (b-2) while no significant aggregation on the right electrode surface. Schematic illustration of the structure formed by CIP 
on the side view (from left to right: Electrode, Insulator, Suspension and Electrode).
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and an 3D H-shaped structure was successfully fabri-
cated. However, compared with the EISE system, PET 
films at both sides caused the CIPs to lose the oppor-
tunity of contact charging, and thus a higher electric 
field and a relatively high CIP concentration were 
required to drive the CIPs to self-assembly. As 
shown in Figure 4(b), the CIP in the EISE system can 
still be self-assembled at a very low electric field of 0.3 
kV/mm.

As shown in Figure 4(c), when a DC electric field 
was applied to the EISE system, the charged CIP in 
contact with the bottom electrode would move 
towards the upper PET film by the electrophoresis, 
resulting in a large amount of CIP aggregating on 
the top PET surface. In contrast, when an AC electric 
field was used, since the direction of the electric field 
was changing alternately, the electrophoresis resulted 
in oscillatory movement of the CIP near the equili-
brium position, and the instantaneous aggregation of 
a large number of CIPs on the surface of the top PET 

film did not occur. Therefore, it is possible to control 
the amount of CIP aggregation on the top PET surface 
by switching the use of AC electric field and DC 
electric field.

3.2.2. Self-assembly in the vertical electric field 
direction
The movement of CIP on the surface was observed 
using the real-time in situ observation system, and the 
results are shown in Figure 5(a). Initially, the well- 
stirred CIP particles were randomly and uniformly dis-
tributed in the suspension, and few large aggregates of 
CIPs were evident in the surface view (Figure 5(a-1)). 
After application of the external AC electric field, the 
CIPs distributed in the surface layer rapidly aggregated 
and interconnected on the lower surface of the PET 
film within several seconds and formed radial struc-
tures (Figure 5(a-2)). When most of the CIPs on the 
surface formed radial structures, the center part of the 
radial structure was basically motionless, and the end of 

Figure 4. (a) Schematic illustration of CIP charging in contact with the bottom electrode and not charging on the top PET surface. 
Top surface micrograph of 2 vol% CIP/polymer composite film treated under (b) 0.3 kV/mm AC electric field and (c) 2 kV/mm DC 
electric field for 15 min.

Figure 5. Optical micrograph of the surface (with PET side) of a 0.5 vol% CIP/prepolymer suspension under AC electric field (2 kV/ 
mm) treatment for (a-1) 0 min, (a-2) 1 min, and (a-3) 5 min. Results of statistical and fractal analyses of images obtained from 
in situ observations: (b) CIP self-assembly ratio and area ratio as a function of time. (c) Plot of the relationship between the number 
of boxes and box size obtained by the box counting method. (d) Fractal dimension as a function of time.
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the radial structure still had a slight motion. The end of 
the radial structure then gradually absorbed the CIP 
particles that reached the surface from the bottom layer 
through electrophoresis, and the radial structure gra-
dually spread. Finally, most of the CIPs on the surface 
were connected to each other to form 2D-NW CIP.

The process of CIP self-assembly on the top sur-
face was evaluated by statistical and fractal analyses. 
The degree of assembly of CIPs on the surface was 
statistically calculated by calculation of the self- 
assembly ratio using Equation (3). As shown in 
Figure 5(b), the self-assembly ratio was 24.52% 
when no electric field was applied, where most par-
ticles were independently dispersed, except for 
a small amount of CIP aggregation due to van der 
Waals forces and electrostatic forces. When the elec-
tric field was applied for 1 min, the CIPs rapidly 
aggregated and assembled, and the self-assembly 
ratio reached 93.63%, after which the increase of the 
self-assembly ratio slowed down. After 5 min of elec-
tric field application, 98.98% of the CIPs on the sur-
face were self-assembled into a network structure. 
After application of the electric field, the CIPs that 
were uniformly dispersed in the suspension gradually 
moved through the contact charge electrophoresis 
action and finally aggregated on the top surface, 
and the percentage of the CIP area on the top surface 
increased from the initial 9.49% to 31.61% after 5  
min. As shown in Figure 5(c), the number of boxes 
occupied by the contours of the radial CIP network 
structure on the surface was counted using the box 
counting method and fitted using a linear function. 
The Y-intercept value of the fitted straight line 
increased gradually with the electric field application 
time, which was attributed to an increase of the 
aggregated CIPs on the surface and the correspond-
ing increase in the number of boxes occupied by the 
CIP contours. The slope of the fitted straight line 
increased with time, which indicated an increase of 
the fractal dimension. The fractal dimension grew 
from the initial 1.25 to 1.56 at 5 min, as shown in 
Figure 5(d), which indicates that the contour of the 
self-assembled CIP tends to be complex.

The mechanism for the motion of CIP self- 
assemblies on the top surface was explained using 
numerical simulation, as shown in Figure 6. 
Figure 6(a) shows a 75 μm PET film layer and 
220 μm polymer layer sandwiched between the top 
and bottom electrodes, where the potential in the 
polymer varies uniformly from the bottom elec-
trode to the bottom surface of the PET when 
a bias voltage of 295 V is applied to the bottom 
electrode and the top electrode is kept grounded. 
However, when conductive CIP particles were 
added to the polymer, as shown in Figure 6(b) 
and the conductive CIP were assembled into 
a 1D-I CIP along the direction of the electric 

field, the potential was no longer varied uniformly. 
The insulated PET film was sandwiched between 
the top of the chain composed of conductive CIPs 
and the upper electrode. According to Ohm’s law 
for parallel circuits, the resistance of the insulating 
PET film is much greater than that of the conduc-
tive 1D-I CIP; therefore, the potential difference 
between the top and bottom ends of the 1D-I CIP 
will be much less than the potential difference 
between the top of the 1D-I CIP and the upper 
electrode. An inhomogeneous electric field will 
thus be generated around the top of the conductive 
1D-I CIP.

The electric field strength between adjacent CIPs 
on the top surface and the electric force acting on 
them were simulated using simulation software. As 
shown in Figure 6(c), when two isolated CIP were 
distributed adjacent to each other on the top surface, 
the CIPs were polarized by the applied electric field, 
and the direction of polarization was along the direc-
tion of the electric field (in the vertical direction), 
with a very small degree of change in the electric 
field in the horizontal direction between the CIPs. 
Integration of the Maxwell surface stress tensor [41] 
on the left CIP shows that the horizontal combined 
force Fx on the left CIP exhibits a repulsive force of 
−7.73 × 10−2 mN. The repulsive force between the 
CIPs drives the CIPs away from each other. When 
the isolated CIP was distributed adjacent to the 1D-I 
CIP on the top surface due to the field focusing 
effect [42], as shown in Figure 6(d), the electric 
field strength at the top part of the CIP chain was 
very high. The isolated CIP on the left was subjected 
to a horizontal polarization by the high potential at 
the top of the 1D-I CIP on the right. Integration of 
the Maxwell surface stress tensor on the left CIP 
shows that the horizontal combined force Fx on the 
left CIP exhibits an attractive force of 9.48 mN. The 
horizontal rightward electric field force acting on the 
left CIP drives the CIP closer to the top of the right 
1D-I CIP, and the CIPs self-assemble in the hori-
zontal direction.

The actuation force for CIP self-assembly on the 
top surface mirrors that of dielectric electrophoresis 
(DEP), which refers to the induced force on the dielec-
tric filler in a non-uniform electric field [43]. 
A spherical particle in a non-uniform electric field 
forms an induced dipole, which is subjected to 
a DEP force that is dependent on the electric field 
gradient: 

FDEP ¼ 2πr3εmRe K ωð Þ½ �Ñ E2� �
(5) 

where r is the radius of the CIP, εm is the permittivity of 
the polymer media surrounding the CIP, E is the root- 
mean-square value of the electric field, and Re[K(ω)] is 
the real part of the Clausius–Mossotti factor: 
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K ωð Þ ¼
ε�p � ε�m

ε�p þ 2ε�m
(6) 

where the complex permittivity ε�under an AC electric 
field is: 

ε� ¼ ε � j
σ
ω

(7) 

where σ is the conductivity and ω is the angular fre-
quency of the AC electric field. Therefore, the mechan-
ism for the self-assembly of CIPs in the horizontal 
direction on the surface of PET film is that, firstly, 
under the action of the electric field in the vertical 

direction, the CIPs form 1D-I CIP along the vertical 
direction, and the electric field focusing effect at the top 
of the 1D-I CIP then generates a non-uniform electric 
field, and the surrounding adjacent CIPs come close to 
the 1D-I CIP to complete self-assembly under the 
action of dielectrophoresis.

Control experiments were performed to further con-
firm that the insulating PET film between the 1D-I CIP 
and the top electrode is critical for the self-assembly of 
CIPs on the top surface. In contrast to the self-assembly 
of CIPs into a 2D-NW CIP on the top surface 
(Figure 7(a)), no self-assembly occurred on the bottom 
surface (Figure 7(b)). This is because there is no 

Figure 6. Simulation of the potential change between flat plate electrodes: (a) uniform variation of potential in the absence of 1D-I 
CIP. (b) Uneven variation of potential at the top of the chain in the presence of a 1D-I CIP. (c) Simulation of the electric field 
strength between adjacent CIPs on the top surface. The electric field between CIPs is very small when two isolated CIPs are 
distributed adjacent to each other on the top surface. (d) When isolated CIPs are distributed adjacent to a 1D-I CIP on the top 
surface, the electric field between the CIPs is very large and the isolated CIP on the left is subjected to a horizontal rightward 
electric field force. (The Maxwell’s surface stress tensor is indicated by a white arrow.) Simulated environment: CIP (10 µm)/ 
prepolymer suspension treated with an electric field of 1 kV/mm.
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insulating PET film between the lower end of the 1D-I 
CIP and the electrode, and the potential of the lower 
end of the 1D-I CIP is the same as that of the directly- 
contacting electrode (as shown in the electric potential 
simulation in Figure 6(b)), and there is no generation of 
a horizontally-directed non-uniform electric field at the 
lower end of the 1D-I CIP. When the side of the 
insulating PET in contact with the suspension was 
treated with a gold (Au) coating (Figure 7(c)), the 
CIPs on the surface of the Au-coated PET layer also 
did not self-assemble. When the top of the 1D-I CIP 
was in contact with the high electrical conductivity Au 
layer, the potentials of the Au layer and the 1D-I CIP 
were the same, and therefore no horizontal dielectro-
phoresis occurred at the top of the 1D-I CIP.

The degree to which the CIPs assemble into 2D-NW 
CIPs on the surface is dependent on the strength of the 
applied electric field. As shown in Figure 8, when the 
electric field strength was lower than 0.4 kV/mm, die-
lectrophoresis was insufficient to overcome the resis-
tance to drive the CIPs to self-assemble in the 
horizontal direction, and the self-assembly ratio of the 
CIPs was exceptionally low at 23.81%, which was 
almost the same as that of 20.92% when there was no 
electric field treatment. However, when the electric field 
strength was higher than a critical value, the self- 
assembly ratio increased rapidly and reached 
a maximum at an electric field strength of 1 kV/mm. 
In AC electric fields with the same frequency, the 
strength of the electric field is positively correlated 

with the electric field gradient, so that higher electric 
field generates higher dielectrophoretic force.

Therefore, as shown in Figure 9, the mechanism for 
the formation of 3D-T CIPs can be summarized as 
a combination of three effects: (a) the electric field 
induces the polarization of CIP, and then adjacent 
CIPs assemble along the vertical direction under the 
action of the dipole moment; (b) some of the CIPs 
aggregate towards the upper PET film due to the effect 
of contact charge electrophoresis; (c) near the inho-
mogeneous electric field generated at the tip of the 1D- 
I CIP, the CIPs self-assemble along the horizontal 
direction by dielectrophoretic force.

3.3. Properties and applications

The electrical properties of the composites can be sub-
stantially enhanced by changing the internal CIP self- 
assembly structure. As shown in Figure 10(a), the 3D-T 
CIP film formed after the orthogonal bidirectional self- 
assembly method shows good electrical conductivity. 
For the 2 vol% isotropic CIP/polymer film, the gaps 
between the CIPs hinder the current transmission and 
shows high electrical resistance. Without changing the 
filler amount, a more compact and continuous self- 
assembled structure was formed between the CIPs 
after the orthogonal bidirectional self-assembly treat-
ment, resulting in compact conductive pathways for 
efficient current transfer. However, the electrical prop-
erties of the sandwich-structured film, although higher 

Figure 7. Optical micrographs of the surface of a 0.2 vol% CIP/prepolymer suspension after AC electric field (2 kV/mm) treatment 
for 5 min. For the electrode/PET/suspension/electrode system, (a) the CIPs on the top surface (with PET layer) self-assembled into 
a network structure (b), there was no self-assembly on the bottom surface (without a PET layer), and for the electrode/Au-coated 
PET/suspension/electrode system (c), there was no self-assembly of the CIPs on the top surface (with a Au-coated PET layer), and 
insulation breakage occurred to produce many bubbles.

Figure 8. (a) Self-assembly ratio of a 0.2 vol% CIP/prepolymer suspension under AC electric field treatment for 5 min as a function 
of electric field strength. Optical micrographs for treatment with (b) 0.6 kV/mm and (c) 1 kV/mm.
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than the isotropic film, is much lower than that of the 
3D-T CIP film. Because the 1D-I CIP structure between 
the upper and lower layers of the sandwich structure 
cannot be well articulated (Refer to Figure 2(c) and S3 
(d) for microscopic images of sandwich-structured 
film), there has a high resistance at the interface 
between the upper and lower layers, which reduces 
the overall electrical performance of the composite 
film. As shown in Figure S4, the one-layer 1D-I CIP 
structured film shows high electrical conductivity, but 
when two films are stacked on top of each other, the 
electrical conductivity is reduced drastically.

As shown in Figure 10(b), the UV-Vis transmission 
spectra of the 2 vol% composite film show that the 3D- 
T CIP film maintains a good degree of transparency in 

the visible range at low filler content. Although 
many CIPs aggregated on the top surface reduces 
the transparency, the cross-section (Figure 2(a-2)) 
shows that only a thin layer of CIPs aggregated on 
the surface. And the 1D-I CIP structure in the 
vertical direction greatly increases the visible light 
transmittance, and thus the transmittance of 3D-T 
CIP films is approximately the same as that of 
isotropic film. 3D-T CIP films have superior con-
ductivity while maintaining high transmittance, 
which are promising for a wide range of applica-
tions, such as in 3D integration circuits, sensors, 
and water cleaning systems.

The 3D-T CIP films can be applied to magnetic 
field sensor, as shown in Figure 10(c). A pair of swirl- 

Figure 9. Mechanism for the formation of 3D-T CIPs can be considered as a combination of three actions: (a) self-assembly along 
the vertical direction, (b) charge and aggregate on the top surface, and (c) self-assembly along the horizontal direction. (d) The 
resulting T-shaped structure.

Figure 10. (a) The current-voltage (I-V) characteristics of 2 vol% CIP/polymer composite films treated by three different methods. 
Schematic diagrams were used to explain the electrical properties of 3D-T CIP (left) sandwich (middle) isotropic (right) composite 
films, respectively. (b) The ultraviolet-visible (UV-Vis) transmission spectrum of 2 vol% CIP/polymer composite films as a function 
of wavelength. And the inside photo shows that the lower pattern can be clearly seen through the 2 vol% 3D-T CIP composite film. 
(c-1) schematic illustration of the mechanism for a magnetic field sensing element and (c-2) surface resistance changes for a 2 vol 
% 3D-T CIP film as a function of the external magnetic field strength.
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shaped electrodes was placed under the bottom sur-
face to prepare a sensor device.

Figure 10(c-1) illustrates the mechanism for the 
change in the resistance of the bottom surface of 
a 3D-T CIP film when the magnetic field is changed. 
When no magnetic field is applied, the polymer gap 
between the electrodes and the CIP prevents the for-
mation of conductive pathways, which results in high 
resistance. After a magnetic field is introduced, the CIP 
particles are magnetically attracted to each other and 
move towards the side with a stronger magnetic field, 
which narrows the gap between the electrode-CIPs and 
CIPs-CIPs. As a result, conductive pathways are formed 
under the induction of the magnetic field, which 
reduces the resistance. The resistance of the bottom 
surface was reduced by a maximum of 5:0�109Ω 
when the magnetic field was increased to 400 mT. 
Although the magnetic field sensors based on magne-
torheological elastomer such as CIP/polymer composite 
film have been well studied [44,45]. However, a high 
concentration of CIP was required and the mechanical 
structure of the sensors was complex, which limited the 
application of sensors. Magnetic field sensor based on 
3D-T CIP film has a simple mechanical structure and 
maintains a certain degree of transparency, which has 
a wide range of application scenarios in the field of 
vibration damping, electronic skin, etc.

The orthogonal bidirectional self-assembly method 
can be widely used for the fabrication of internal three- 
dimensional pathways in organic-inorganic composites 
that would have a wide range of potential applications. 
Figure S5 shows that silver nanowires (AgNWs) in 
a polymer treated by the orthogonal bidirectional self- 
assembly method can form 3D interconnected T-shaped 
silver microstructures (3D-T AgNWs) with horizontal 
orientation on the top surface and vertical orientation 
on the bottom surface. As shown in Figure S5(a-3), 3D- 
T AgNWs, which are similar to heat sink structures, are 
expected to be used as thermal management materials 
because the self-assembled 1D-I AgNWs in the thick-
ness direction are expected to form thermally conduc-
tive pathways, and the network of 2D-NW AgNWs on 
the surface are expected to increase the heat-absorption 
area. As shown in Figure S5(b), sodium chloride (NaCl) 
particles in a polymer treated by the orthogonal bidirec-
tional self-assembly method formed 3D interconnected 
T-shaped NaCl microstructures (3D-T NaCl). After 
being immersed in water, the NaCl can be removed to 
form a 3D porous polymer material, as shown in Figure 
S5(b-3), which is expected to be used in the preparation 
of new filter films.

4. Conclusion

In this study, a simple one-step orthogonal bidirec-
tional self-assembly method was successfully developed 

to form three-dimensional interconnected micro-
structures and expand the fields of application of 
functional composite materials. An external AC elec-
tric field was applied to an CIP/prepolymer suspen-
sion to control the self-assembly of the CIPs before 
curing of the polymer was completed. The resultant 
3D-T CIP revealed that CIP were not only assembled 
along the direction of the electric field with this 
method, but were also assembled on the surface per-
pendicular to the direction of the electric field, 
thereby achieving orthogonal bidirectional self- 
assembly. The process for the formation of the 
T-shaped structure was observed in real time using 
in situ microscopy, and the degree of self-assembly of 
the surface network structure was evaluated by sta-
tistical and fractal analyses. The assembly process was 
also explained by numerical simulation. The fabri-
cated 3D-T CIP film showed reduced resistivity, 
which could be applied to magnetic field sensor.
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