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ABSTRACT 
Multiscale hybrid composites, where traditional fiber reinforcements are hybridized nanoscale 
reinforcements, have been investigated for the development of functional intelligent materials. The 
internal, hierarchical, structure of the composites can be tailored during the processing stage. 
Electrophoretic deposition (EPD) is a processing technique that can directly integrate the nano-
sized particles within fiber bundles. We have demonstrated that EPD has capability tailor the 
thickness and morphology of carbon nanotube films on a variety of conductive and non-conductive 
fabrics. This can be accomplished by controlling the processing parameters such as the strength of 
electric field, the concentration of dispersion and deposition time. One key advantage of EPD is 
the potential to scale-up the process for continuous production because it is performed at room 
temperature and does not use toxic chemicals. Along with active research and development of 
multifunctional composites and their commercialization, the needs for industrial-scale 
manufacturing of composite materials has been growing. This research focuses on the fundamental 
understanding of EPD process in order to design a continuous manufacturing system. The model 
system for this study is composed of an aqueous dispersion of carbon nanotubes functionalized 
with a cationic polymer, polyethyleneimine (PEI). A series of experiments are designed to 
investigate the influence of electrode geometry and configuration on deposition yield with the 
ultimate goal of establishing a highly efficient roll-to-roll manufacturing system. 
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1. INTRODUCTION 
Among the techniques to directly hybridize carbon nanotubes with conventional advanced fibers, 
electrophoretic deposition (EPD) has been widely employed due to its ability to coat nanoparticles 
on complex geometries and to control the thickness or morphology of nanocomposite films. [1, 2] 
The mechanical and physical properties of the multiscale hybrid composites can be tailored by 
manipulating the processing parameters such as electric field strength and dispersion 



concentration. Along with these advantages, the process using an aqueous dispersion has potential 
to be scaled-up to construct a continuous manufacturing system without toxic inorganic chemicals 
and high-temperature processing conditions. 
 
As considerable progress has been made over the past two decades in the fundamental 
understanding, manufacturing and characterization techniques in the field of nanotechnology, 
nano-sized particles have been widely used to alter mechanical and physical properties by being 
integrated into conventional fiber composites. For example, carbon nanotubes have been utilized 
to improve the mechanical properties [3-5] of composites while also imparting multifunctionality 
through the carbon nanotube electrical and thermal conductivity. The potential applications of 
multiscale micro/nano composites include strain sensors and structural health monitoring [6, 7], 
energy harvesting [8, 9], smart textiles [10] and self-heating composites [11]. 
 
The current research is motivated by the demands for industrial scale manufacturing systems, as 
future applications for these multiscale hybrid composites depend on rapid, cost-effective 
manufacturing. Although there have been previous research on roll-to-roll EPD systems, these 
studies have been limited to conductive fiber bundles or filaments because the process design is 
simpler than those using non-conductive fabric and/or wide fabrics [12, 13]. Figure 1 shows batch 
and continuous processes for EPD. Additional processing parameters, including feed rate and 
substrate/electrode sliding, are added due to the continuously moving fabric and conveyor system. 
For establishing an efficient manufacturing system, a series of experiments are designed to shed 
light on critical processing parameters that need to be addressed for scale-up. 
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Figure 1. Schematics of the EPD setup in the form of (a) batch and (b) continuous manufacturing 
process. 

2. EXPERIMENTAL 
2.1 Materials 
An aqueous dispersion is produced using multi-walled carbon nanotubes (MWCNT, CM-95, 
Hanwha Nanotech, Korea). MWCNTs were oxidized using ozonolysis with ultrasonication 
followed by functionalization with polyethyleneimine (PEI, H(NHCH2CH2)58NH2, Mw 25000, 
Sigma Aldrich, USA). Glacial acetic acid (Sigma-Aldrich, USA) was added to the dispersion to 
decrease a pH to be around 5.8. Under acidic conditions the amine groups of PEI become 
protonated, giving the functionalized carbon nanotubes a positive charge [14]. S-glass continuous 
fiber bundles were used to set up the preliminary experiment with two conveyor rollers. For 
parametric studies on fabric, two kinds of glass fabrics were used, Astroquartz III glass fabric 
(4581 style) woven in an 8-harness satin pattern (JPS Composite Materials, USA) and 
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unidirectional E-glass fabric (7721 style, Thayercraft Inc., USA). Electrodes are required for the 
EPD process on the non-conductive fabrics and 316 stainless steel sheets and meshes were 
purchased from McMaster-Carr, USA. Insulating windows were designed by cutting the glass 
fiber/epoxy composite sheets or additive manufacturing techniques in order to control the 
deposition area. The material usage and related experiments are described in the following sections 
and the deposition parameters are summarized in Table 1. For all experiments, the dispersion 
concentration was 1 g/L.  
 
Table 1. Materials and processing parameters for different EPD experiments. 

Section Substrate Electrode 
(316 SS) 

Insulating 
window 

Electric 
field 

Deposition 
time 

2.2.1 
S-glass fiber 
continuous 

bundle 
Sheet N/A 20 V/cm 

10 minutes for 
each point on 

the bundle 

2.2.2 

Astroquartz III 
woven fabric Sheet 3D printed fixture 10 V/cm 5 minutes 

E-glass 
unidirectional 

fabric 

Sheet / Sheet 
with a 2.5 mm 

hole 

Glass fiber/epoxy 
composite 14.3 V/cm 10 minutes 

2.2.3 
E-glass 

unidirectional 
fabric 

Meshes with 
26*26/ 32*32/ 
42*42/ 70*70 

mesh sizes 

Glass fiber/epoxy 
composite 10 V/cm 15 minutes 

2.2 Electrophoretic Deposition of Carbon Nanotubes onto Non-conductive Fabrics 
Figure 2 shows a general illustration of EPD process where PEI-functionalized carbon nanotubes 
are coated onto non-conductive fabrics. Electrodes are connected to a direct current power supply 
to apply the electrical potential and substrate fabrics are kept in contact with the negative electrode. 
Positively charged nanotubes are accelerated by the electric field towards the cathode. The local 
pH gradient due to the water electrolysis makes the amine groups deprotonated and MWCNT-PEIs 
are precipitated and start to form composite films on the electrode and fabrics. In our prior work, 
we have demonstrated that the nanotube film formation on the non-conductive fabrics is facilitated 
by intimate contact between the fabric and electrode.  
 
In our previous research, we have shown that EPD process can be utilized for various fabrics 
regardless their electrical properties. It is demonstrated that the same film growth mechanism can 
be applied to non-conductive fabrics, even though the deposition rate or yield might be varied [15]. 
In each section below, different types of glass fibers were employed for controlled experiments to 
emphasize the wide use of EPD process and to study the important parameters that may influence 
the design of roll-to-roll manufacturing systems.  



 
Figure 2. A schematic diagram of electrophoretic deposition (EPD) system. Carbon nanotubes 
are functionalized with polyethyleneimine (PEI) and the amine groups of PEI are protonated 
under a mild acidic condition, making MWCNT-PEIs positive charged particles.  

 

2.2.1 Preliminary Continuous EPD Processing for Fiber Bundles 
Figure 3 shows a schematic and a photograph of the preliminary experiment to coat an S-glass 
fiber bundle. Two conveyor rollers were fixed and two stationary electrodes were placed in a bath 
of the MWCNT-PEI dispersion. An electric field of 20 V/cm was applied and the fiber bundle was 
manually pulled so that each point on the fiber tow was coated for 10 minutes while maintaining 
tension in the fiber. After coating approximately 2 meters of the bundle, the coating morphology 
was investigated using scanning electron microscopy (SEM). 
 

 
Figure 3. A schematic and photograph of the continuous manufacturing system using an S-glass 
fiber bundle as a preliminary experiment. 

2.2.2 Arrangement of Electrode and Fabric  
In order to initiate the coating on the non-conductive fabrics using EPD process, direct contact 
between the fabric and electrode must be ensured. An experiment was designed to investigate the 
effect of a sliding interface between the fabric and electrode. Figures 4(a) and 4(b) show 
schematics where the electrodes and the continuously moving fabric during an EPD process 
considering the non-slipping and slipping cases, respectively. Astroquartz III glass fabric and sheet 
electrode were put into the 3D printed fixture and the electrode was manually moved up and down, 
mimicking the slippage of the fabric. EPD was performed under an electric field of 10 V/cm for 5 
minutes, and mass of the MWCNT-PEI deposition for the slipping and non-slipping cases were 
measured and compared. 
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Figures 4(c) and 4(d) show the different positions of the negative electrode and substrate fabric 
against the positive electrode in the dispersion bath to study the effect of gravitational force on the 
EPD process. Four sets of experiments were conducted accounting for both gravity and perforation 
of the electrode where a sheet electrode and an electrode with 2.5 mm holes at the center were 
prepared and E-glass fibers placed in contact with the electrodes connected to negative electrode. 
As before, the concentration of MWCNT-PEI dispersion was 1 g/L. The deposition was conducted 
under an electric field of 14.3 V/cm for 10 minutes for each case. By measuring the weight of the 
fabric before and after the deposition, the areal density of MWCNT-PEI film was calculated. 
 

 
Figure 4. Schematic diagrams of the arrangement of electrodes and the substrate fabrics in the 
MWCNT-PEI dispersion. The left figure illustrates the cases of (a) non-slipping and (b) slipping 
between the fabric and electrode. The right shows the different arrangements of the negative 
electrodes and fabrics; (c) top and (d) bottom. 

2.2.3 EPD using Mesh Electrodes 
Water electrolysis generates hydrogen and oxygen gas on the electrode surface, which can lift-off 
fabric from a solid electrode where the gas bubbles cannot escape. Loss of intimate contact with 
the electrode leads to low deposition yield and non-uniform coating. One solution to this problem 
could be using a perforated or mesh electrode so that open areas provide a path for the evolved gas 
bubbles to escape. Stainless steel 316 electrodes in the form of mesh were prepared with different 
mesh sizes. Table 2 summarizes the different mesh sizes used. Unidirectional E-glass fabrics were 
fixed in place by a glass fiber/epoxy composite insulating window on the mesh electrodes and EPD 
was performed in 1 g/L dispersion. For every specimen, the electric field and processing time were 
10 V/cm and 15 minutes, respectively. 
 
Table 2. Information of mesh electrodes  

Mesh size Open area Wire diameter Opening size 
26 x 26 65 % 0.191 mm 0.787 mm 
32 x 32 63 % 0.165 mm 0.630 mm 
42 x 42 59 % 0.140 mm 0.465 mm 
70 x 70 55 % 0.094 mm 0.269 mm 
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3. RESULTS AND DISCUSSION 
3.1 Continuous Glass Fiber Bundle 
Figure 5 shows the results of morphology study on the S-glass fiber bundle where MWCNT-PEI 
nanocomposites are coated by the EPD process. It was observed that the 2 meter bundle exhibited 
uniformly dark gray color with the naked eye. SEM images of the nanocomposites at any point 
throughout the tow indicated that uniform PEI-MWCNT films are formed on the fiber bundles. In 
Figure 5(b), deposited nanotubes are bridging the fibers and this is commonly observed from the 
nanotube coated non-conductive fabrics by direct current EPD. Figure 5(c) suggests that each 
filament is uniformly coated by the MWCNT-PEI composites. Along the coated bundle, however, 
a few of the filaments were found to be broken. One of the likely reasons is friction between the 
fiber and electrode plate when passing over the electrode sharp angle at the edges.  
 

   
(a) (b) (c) 

Figure 5. Morphology study of S-glass fiber bundle coated with MWCNT-PEI. (a) Photograph 
of the coated bundle, and (b, c) scanning electron micrographs of the MWCNT-PEI films. 

3.2 Arrangement of Electrode and Fabric 
The influence of friction between the substrate and electrode was investigated by measuring the 
deposition yields for both slipping and non-slipping cases. Every other processing parameter was 
kept the same, including deposition time, applied electric field, type of material and concentration 
of MWCNT-PEI dispersion. Even though direct contact and pressure were maintained by the 3D 
printed fixture, the deposition yield on the glass fibers slipping against the electrode was 19.7 % 
less than that of non-slipping fibers (Figure 6(a)). As illustrated in Figures 4(a) and 4(b), the 
cathode in the form of an endless belt moves parallel to the continuous fabric with the same 
velocity when they are in contact each other.  
 
Figure 6(b) shows the comparison in the areal density of MWCNT-PEI considering the 
arrangement of the negative electrode. This experiment was conducted in order to study the effect 
of gravitational force on the EPD process. When the glass fabric with the electrode sheet was 
placed on the bottom side, the deposition yield was 32.7 % larger than that on the top. However, 
when we compared the results using the perforated electrodes, the areal densities of top and bottom 
cases were similar with 3.0 % difference, and comparable to the yield using the bottom electrode 
without a hole. The gap in the deposition amount between the top and bottom electrode sheets was 
mainly because of the gas evolution due to the water electrolysis. Bubbles moving upward due to 
the buoyant force were blocked by the top solid electrode, pushing the fabric away from the 
electrode. However, a hole of 2.5 mm in diameter provided a pathway for the evolved bubbles to 
escape. Positively charged MWCNT-PEI forms a stable dispersion due to the repulsive forces 
unless the pH of dispersion changes. Reflecting this phenomenon and the empirical results, we 

3 cm 15 µm 1.5 µm



conclude that gravity was a minor factor for EPD and that perforated electrodes were helpful to 
keep the direct contact between fabric and electrode. 
 

  
(a) (b) 

Figure 6. The average deposition yield of MWCNT-PEIs deposited on the glass fabrics; (a) the 
effect of gravity and perforation on EPD and (b) slipping of the fabric against the electrode 
during EPD process. 

3.3 EPD using Mesh Electrodes 
The stainless steel mesh is an extreme case of the perforated electrodes with large opening area 
more than 50%. Four meshes with different mesh sizes were selected considering the flexibility to 
roll up to a shape to form a continuous belt electrode. The highest deposition yield was obtained 
using a 32 x 32 mesh and the MWCNT-PEI coating was fairly uniform throughout the fabric. In 
cases of 42 x 42 and 70 x 70 mesh sizes, it was observed that the areal densities were 28 % and 43 
% less than that of 32 x 32 mesh, respectively, and the MWCNT-PEI films were not uniform with 
a light gray color at the center of the fabric. This was attributed to the gas bubbles that could not 
move out because of the smaller opening size and suggests that an optimal mesh with a proper 
opening area and size needs to be determined with consideration for both contact area between the 
substrate fabric and electrode and a large enough opening size to minimize the effect of gas 
evolution. 
 

 
Figure 7. Areal densities of deposited MWCNT-PEI onto glass fabrics using stainless steel 
meshes with different mesh sizes. 
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4. SUMMARY AND CONCLUSIONS 
A series of experiments were conducted to evaluate the influence of different processing 
parameters on the EPD process in order to guide the development of a module for roll-to-roll 
manufacturing of carbon nanotube based multiscale composites. As compared with the batch 
process, continuous movement of the substrate fabrics requires a different electrode design. Sliding 
between the glass fabric and electrode reduced the deposition yield by 19.7% compared to the non-
sliding case, even though direct contact was ensured during deposition by applying tension. Fiber 
damage was also observed, likely due to the friction and local bending occurring at the electrode 
edge. Based on this, a conveyor belt electrode would be desirable to keep intimate contact between 
fiber and electrode without slipping. We have also studied the influence of gravity on EPD process 
to determine the electrode configuration between top and bottom arrangements. It was concluded 
that the MWCNT-PEI particles were not directly affected by the gravitational force. However, the 
bubbles generated by water electrolysis tend to move upward due to buoyant force and they can 
interfere with direct contact of the fabric. One potential solution is to have a perforated electrode. 
Different stainless steel meshes were used to investigate the optimal opening size and area. The 
mesh should be selected with consideration for both contact area with the substrate fabric and the 
opening size for the electrolysis gas to dissipate.  
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