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Abstract
Orientation regulation of nanoparticles in a suspension by an electric field is a powerful tool to
tune its mechanical, thermal, optical, electrical properties etc. However, how molecular
modification can affect the orientation of two-dimensional nanoparticles is still unclear. In this
paper, the influence of molecular modification on the orientation of graphene nanosheets (GNS)
in water was investigated through theoretical analyses and molecular dynamics (MD)
simulations. Firstly, a new orientation angle model was proposed, which considers hydration
effects, dipole moments and resistance torque. Then, MD simulations were conducted to
investigate the effects of position, direction, type, and number of functional groups on the
orientation of GNS. The trend observed in MD simulations is consistent with the proposed
theoretical model. The results reveal that, under the combined influence of the dipole moment
and hydration effects, the modification with hydrophilic functional groups can reduce the
orientation angle from 21.31◦ to 8.34◦, while the modification with hydrophobic functional
groups increases it to 26.43◦. Among the hydrophilic functional groups, orientation of
hydroxylated GNS is the best. With an increase in the number of hydroxyl groups, orientation
angle is decreased from 12.61◦ to 8.34◦. This work can provide valuable guidance for the
design of high-performance suspensions and composites, such as thermal smart materials with
adjustable thermal conductivity and intelligent devices with tailored capabilities.

Supplementary material for this article is available online
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1. Introduction

Nanoparticle suspensions are composed of based fluid and
nanoparticles, such as graphene [1, 2], carbon nanotubes [3],
metal nanoparticles [4], metal oxide nanoparticles [5], and so
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on. Low-dimensional nanoparticles are promising in improv-
ing the mechanical [6], thermal [7, 8], optical [9], electrical
[10], and chemical properties [11] of the base fluid. For the
physical parameter of thermal conductivity, the incorporation
of nanoparticles can increase the thermal conductivity of fluid
almost 1.78× [12], and nanoparticle suspensions have been
widely used in heat transfer equipment [13], such as electronic
cooling, solar thermal collectors, heat exchangers, automobile
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radiators, and thermal storage. However, the performance
improvement of nanoparticle suspensions is not significant
when nanoparticles distributed randomly. The critical chal-
lenge lies in how to improve the orientation of nanoparticles
[14]. The orientation of nanoparticles can impact thermal
conductivity [7, 14, 15], electrical conductivity [16], frac-
ture toughness [17], and friction coefficient [18], among other
properties [19–22]. Moreover, the directed assembly of nan-
oparticles is crucial for designing intelligent devices with
tailored capabilities, such as selective sensing, lab-on-a-chip,
optoelectronics, and controlled photonic bandgap.

There are variousmethods to achieve the orientation of nan-
oparticles, including mechanical stretching [23], electric field
[24, 25], magnetic field [18, 26], and shear flow [27]. Among
these methods, electric field is more straightforward, exhibits
faster responsiveness, and consumes less energy. Currently,
there are two physical mechanisms to explain the orienta-
tion of nanoparticles induced by an electric field: the torque
induced by dipole moments and the hydration effects of polar
water molecules. While experiments indicated that the main
reason for oriented distribution is the dielectrophoretic force
and the dielectrophoretic torque experienced by polarized
nanoparticles [28, 29], molecular dynamics (MD) simulations
also suggested that even non-polarizing nanoparticles without
charge can orient themselves in water under a direct current
(DC) electric field. This phenomenon can be attributed to
hydration effects of polar water molecules [30, 31]. However,
previous researches just considered the two mechanisms sep-
arately and did not establish a model to calculate the orienta-
tion angle.

Functional groups on the surface of nanoparticles can influ-
ence dipole moments and hydration effects, thereby affecting
orientation. Ma et al [32] experimentally observed that oxid-
ized multi-walled carbon nanotubes exhibited better disper-
sion and orientation compared to pristine multi-walled car-
bon nanotubes [33]. Mostafa and Banerjee [34] found that
under an electric field, pristine carbon nanotubes exhibited
the best orientation, followed by lateral functionalization, and
then terminal functionalization. Lim et al [10] observed that
both carboxyl-functionalized and amino-functionalized car-
bon nanofibers have similar orientation structures under an
electric field. However, previous researches have discrep-
ancies in conclusions regarding the influence of functional
groups on orientation of nanoparticles.

In this study, we disclosed the influence of molecular modi-
fication on orientation of graphene nanosheets (GNS) in sus-
pension under an electric field through theoretical analyses
and MD simulations. The type of molecular modification
includes hydrophilic groups (hydroxyl, carboxyl, and amino)
and hydrophobic groups (methyl, and hydrogen). Firstly, an
orientation angle model was proposed, which accounts for
hydration effects, dipole moments and resistance torque. This
model was verified through simulation results. Then, through
MD simulations, the rotational diffusion coefficients, orient-
ation angles, and orientation degrees of GNS in water were
calculated, and the influence of position, direction, type, and
number of functional groups on orientation of GNS in water
under a DC electric field was analyzed.

2. Model

As shown in figure 1, the unit direction vectors (L, N, and
W) are introduced. L is parallel to the long side of GNS, N
is perpendicular to the plane of GNS, andW is parallel to the
short side of GNS. The angle between the direction of elec-
tric filed E and L is denoted as φL−E, and the angle between
the E and N is φN−E. Given that the range 0◦–90◦ and 180◦–
90◦ are considered equivalent and to prevent two equival-
ent peaks in angular probability distribution, φL−E is defined
over a range of 0◦–90◦. Kim and Shkel [35] elucidated the
orientation mechanism of micro/nanoparticles in suspensions
induced by electric field, and provided formulas for both elec-
tric field induced torque and viscous torque acting on particles.
Mostafa and Banerjee [36] employed a continuum mechan-
ics based model to predict the time required for orientation of
carbon nanotubes. Referring to above analyses, we conduct a
torque analysis on GNS under a DC electric field, and propose
an orientation angle model that accounts for hydration effects,
dipole moments and resistance torque.

2.1. Torque generated by hydration effects

Water molecules interact by hydrogen bonds among them-
selves. When GNS are introduced into water, a large num-
ber of hydrogen bonds are disrupted, leading to an increase
in enthalpy. To maintain as many hydrogen bonds as possible,
dipole moment vectors of water molecules in the first hydra-
tion layer predominantly orient parallel to the surface of GNS,
which is called hydration effects. Under a DC electric field,
dipole moments of water molecules not only orient towards
the direction of electric field, but also parallel to the surface
of GNS to maximize hydrogen bonds. As a result, GNS are
compelled to orient their long side in the direction of electric
field. The torque generated by hydration effects at equilibrium,
denoted as Mw, can be approximated as,

MW = hE sinθ, (1)

where h represents the hydrophilicity coefficient, E is the elec-
tric field strength, and θ is φL−E at equilibrium.

2.2. Torque generated by dipole moments

Functional groups are symmetrically distributed along the
outer long edge of GNS, the dipole moment vector of GNS
is denoted as µ. When all functional groups have the same
direction, the dipole moment vector can be expressed as,

µ= np, (2)

where n represents the number of functional groups, and p
denotes the dipole moment vector of a single functional group.
Under an electric field, the torque of GNS caused by the dipole
moment vector is given as [35],

Mµ = µ∥ ×E⊥ −µ⊥ ×E∥, (3)

where µ∥ and µ⊥ respectively denote the dipole moment along
and perpendicular to L. E∥ (where E∥ = E·cosθ) and E⊥
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(where E⊥ = E·sinθ) represent the electric field intensities
along and perpendicular to L, respectively. Equation (3) can
be expressed as,

Mµ = µEcosαsinθ−µEsinαcosθ, (4)

whereα is the angle between dipolemoment vectorµ and long
side vector L. The orientation depends on α, because Mµ can
be increased by reducing α. When functional groups are sym-
metrically added to the outer long edge of GNS, µ is parallel
to L and α = 0. The equation (4) can be simplified as,

Mµ = µEsinθ. (5)

2.3. Resistance torque

The Reynolds number of GNS in water is very small (Re⩽ 1).
The viscous torque in equilibrium is given by Stokes’ law
as [35],

Mf = 3ηKVcurl(v∞) , (6)

where η represents the kinematic viscosity of water, K is the
shape factor, V is the volume of nanoparticles, and v∞ is the
velocity of the surrounding water. Electric field intensity will
affect the velocity of water, thus influencing viscous torque.

2.4. Orientation angle model

Under the combined influence of hydration effects, dipole
moments, and resistance torque, GNS rotate to an equilib-
rium state. Through torque analysis, the torque equilibrium
equation in the equilibrium state can be obtained as follows,

MW +Mµ −Mf = 0. (7)

From this, the expression for φL−E can be derived as,

φL−E = θ = arcsin
3ηKVcurl(v∞)

(h+ np)E
. (8)

The equation (8) suggests that enhancing hydrophilicity,
increasing dipole moment, raising electric field strength, and
reducing resistance torque can all decrease φL−E, and thus
improve orientation of GNS.

3. Method

3.1. Simulation details

The orientation of GNS in water is investigated using MD
simulations. We have selected GNS suspended in water as a
simulation system. Figure 1 displays a schematic of simula-
tion system at the initial moment, with the water density set
at 1000 kg m−3. Periodic boundary conditions are applied in
the x, y, and z directions. Both velocity and angular velocity of

Figure 1. Schematic illustration of simulation system at the initial
moment and unit direction vectors.

GNS are initialized to zero, and velocity of water molecules
corresponds to Gaussian distribution at 300 K.

The potential energymodel for water adopts the SPC/E [37]
model. Long-range electrostatic interactions between water
molecules are addressed with the particle-mesh Ewald method
[38]. Bond length between oxygen and hydrogen atoms is con-
strained to 1.0 Å using the SHAKE algorithm [39], with H–
O–H bond angle being 109.47◦. GNS are set as rigid bodies to
reduce computational time. Carbon atoms not bonded to func-
tional groups are uncharged. Interatomic interactions encom-
pass electrostatic forces and the Lennard–Jones potential com-
ponents, described as,

φ (r) =
qiqj
r

+ 4εij

[(σij
r

)12
−
(σij
r

)6
]
, (9)

where r is the distance between atoms i and j with charge qi
and qj, and εij and σij are potential parameters which depend
on the atomic type. The potential parameters for hydroxyl and
carboxyl groups are sourced from OPLS-AA force field [40],
while parameters for amino, methyl, and hydrogen are derived
from CHARMM27 force field [41]. The potential paramet-
ers and charges are provided in Supporting Information. The
cutoff radius is set to 1.2 nm [42].

The simulations are conducted using the LAMMPS soft-
ware package [43]. The NPT ensemble is utilized during
simulation [42]. Temperature regulation is achieved using the
Nose–Hoover thermostat, setting the system temperature at
T = 300 K. Pressure is controlled by Nose–Hoover barostat,
with the system pressure set at P= 1 atm. The simulations use
a timestep of 1 fs and run for a total of 8 ns [44]. The initial 1 ns
serve to equilibrate the system, and data from the subsequent
7 ns are used for analysis.

3.2. Calculation of important physical quantities

The rotational diffusion coefficient [45] is used to quantitat-
ively characterize the intensity of Brownian rotation at equi-
librium. Increasing the hydrophilicity of GNS can weaken

3



J. Phys.: Condens. Matter 36 (2024) 255702 Y-X Dong et al

Brownian rotation, thereby reducing the rotational diffusion
coefficient. Cao’s group [42, 44, 46, 47] has developed a
method to calculate the rotational diffusion coefficients and
diffusion tensors of nanoparticles, finding that the rotational
diffusion coefficient is negatively correlated with orientation
degree. By recording the changes of uk (where u1 =L, u2 =N,
u3 =W) over time t, angular displacement∆q can be approx-
imately obtained using the following equation in a short time
[48, 49],

∆q=
1
2

3∑
k=1

uk (0)×uk (t) . (10)

The rotational diffusion coefficients Dr−L, Dr−N and Dr−W

are given as,

Dr−i =
1
2
⟨∆qi2⟩
∆t

(i = L,N,W) , (11)

where<…> represents ensemble averaging, and∆qi denotes
the angular displacement with direction vectors L, N or W as
the rotation axes.

A DC electric field E is applied to the simulation sys-
tem using the efield command, oriented along the x-axis. The
voltage intensity range selected in this simulation is typical
for targeted studies of nanoparticles [30, 50]. Although the
experimental value of E is significantly lower than the sim-
ulation value, a larger value is required in MD to obtain
more pronounced phenomena and reduce computational time.
Orientation angle φ is obtained by ensemble averaging. The
optimal orientation for GNS is when φL−E is 0◦ and φN−E is
90◦. Orientation degree λ is determined using the orientation
tensor [51],

Tij =
3
2N

m∑
n=1

[
l(n)i l(n)j − 1

3
δij

]
, (12)

where m represents the number of all instantaneous GNS, l(n)

denotes the unit direction vector L or N, and the subscripts i
and j are chosen from the x, y and z directions. The largest
eigenvalue of the tensor corresponds to orientation degree λ.
A higher value indicates better orientation, and GNS are con-
sidered fully oriented when λ = 1.

4. Results and discussion

Research has revealed that when a DC electric field is applied
to the system, φN−E closely approaches to 90◦. This suggests
that the plane of GNS is parallel to the direction of electric
field. Molecular modification has minimal influence on φN−E,
while they significantly impact φL−E. This effect is correlated
with the position, direction, type, and number of functional
groups.

4.1. The influence of functional group position and direction

According to equation (4), when functional groups are sym-
metrically added to the outer long edge of GNS, dipole
moment vector is parallel to long side vector of GNS. This
distribution can result in a larger torque generated by dipole
moments, thus exhibiting better orientation. Therefore, func-
tional groups are modified on the outer long edge of GNS in
this study.

The influence of position and direction of hydrophilic func-
tional groups on orientation is investigated using hydroxyl
groups as an example. The GNS are modified with four
hydroxyl groups and have a length (L) of 3.267 nm and a
width (W) of 0.738 nm, as illustrated in figures 2(a) and (b).
The position parameter for functional groups is represented
by dL = 2d/L, where d is the average distance from functional
groups to the central line of long side of GNS. A smaller dL
value indicates that functional groups are closer to the cen-
ter of GNS. Figures 2(c) and (d) depict the variations of λ
and φL−E with respect to dL. The position of hydroxyl groups
has a minimal effect on λN−E, while it significantly affects
λL−E. As hydroxyl groups approach the center of GNS, φL−E

becomes smaller and λL−E increases, indicating better orient-
ation. In the central region of GNS, water molecules are par-
allel to the plane of GNS. At the edge region of GNS, water
molecules become disordered due to the influence of interac-
tions with outer-edge water molecules. By introducing hydro-
philic groups in the central region of GNS, hydration effects
become stronger. In addition, the interactive forces between
hydrophilic functional groups and water molecules contribute
resistance torque on the rotation of GNS in water. As hydroxyl
groups near the central region of GNS, the hydration effects
strengthen and the resistance torque decreases. According to
equation (8), h increases and 3ηKVcurl(v∞) decreases, which
lead to a decrease in φL−E. The total distance from functional
groups to the central line plays a major role in orientation of
GNS, rather than the distance between functional groups, as
discussed in Supporting Information. When hydroxyl groups
are directed in opposite direction, the dipole moment is zero,
and GNS are subjected to hydration effects and resistance
torque. When hydroxyl groups are directed in the same direc-
tion, GNS is influenced by a combination of hydration effects,
dipole moments and resistance torque. Due to the influence of
dipole moments, when hydroxyl groups have the same direc-
tion, they exhibit a smaller φL−E and a higher λL−E compared
to when they are opposite.

4.2. The influence of functional group type and number

Different types of hydrophilic functional groups are added
to the outer long edge of GNS with L = 1.988 nm and
W = 0.738 nm. The hydrophilicity of functional groups is
correlated with the number and strength of their hydrogen
bonds. Among the hydrophilic functional groups studied in
this paper, carboxyl group exhibits the strongest hydrophili-
city, followed by hydroxyl group, and then amino group.
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Figure 2. Hydroxyl groups directed in the (a) same and (b) opposite direction. Purple spheres represent carbon atoms, red spheres represent
oxygen atoms, and white spheres represent hydrogen atoms. (c) Orientation degree λ and (d) orientation angle φL−E as a function of dL.

Figure 3 presents how the rotational diffusion coefficient
(Dr = Dr−L + Dr−W + Dr−N) of GNS varies with the num-
ber of functional groups. The rotational diffusion coefficient
of the pristine GNS is 2.17 × 109 rad2 s−1, and hydro-
philic functional groups can reduce the rotational diffusion
coefficient of GNS. Given an equal number of functional
groups, amino-functionalized GNS have the highest Dr, fol-
lowed by hydroxyl-functionalized GNS, and then carboxyl-
functionalized GNS. This indicates that Dr is negatively cor-
related to the hydrophilicity of the added functional groups.
Moreover, Dr decreases with an increase in the number
of hydrophilic functional groups. The presence of hydro-
philic functional groups increases hydrogen bonds between
water molecules and the surface of GNS, thereby enhan-
cing the adhesive and electrostatic forces between GNS and
water molecules. These interactive forces decelerate rotational
Brownian motion of GNS. As the number of hydrophilic
functional groups increases, the interaction force intensifies
because of a rise in hydrogen bonds, resulting in a decrease
in Dr.

As figure 4(a) depicts, GNS are functionalized by a pair
of oppositely directional functional groups, yielding func-
tionalized GNS with a dipole moment of zero. The func-
tionalized GNS are primarily affected by hydration effects
under an electric field. Figures 4(b) and (c) show both pristine
GNS and functionalized GNS have φN−E around 90◦, and
λN−E is approximately 0.98. By modifying GNS with hydro-
philic functional groups, the hydration effects are enhanced.
Therefore, φL−E is reduced based on orientation angle model.
Conversely, when GNS are modified with hydrophobic func-
tional groups, the hydration effects weaken, resulting in an
increase in φL−E and a decrease in λL−E. MD simulation res-
ults are consistent with the orientation angle model. When
GNS are functionalized with an identical number of functional

Figure 3. Variation of the rotational diffusion coefficient Dr with
respect to type and number of functional groups.

groups in the same position and have a dipole moment of zero,
superior hydrophilicity of functional group results in a smal-
lerDr. Figure 4(d) demonstrates that λL−E has an inverse rela-
tionship with rotational diffusion coefficient Dr. The orient-
ation behavior of GNS is fundamentally the combined effect
of external fields and rotational Brownian motion when dipole
moments are not considered. Reducing the rotational diffusion
coefficient Dr can effectively enhance the orientation.

As illustrated in figure 5(a), the outer long edge of GNS is
modifiedwith functional groups directed in the same direction.
Owing to the symmetrical distribution of functional groups, µ
is parallel to L. Table 1 lists dipole moment values for different
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Figure 4. (a) Schematic illustration of functionalized GNS with functional groups directed in opposite direction. Red spheres in GNS
represent functional groups. Variation of (b) orientation angle and (c) orientation degree with type of functional groups. (d) Relationship
between λL−E and Dr.

Table 1. Dipole moment values of different functionalized GNS.

Types of GNS GNS-COOH GNS-OH GNS-NH2 GNS-CH3 GNS-H

Dipole moment µ (eÅ) 3.690 4.277 2.428 0.509 0.656

functionalized GNS. Figures 5(b) and (c) depict angular prob-
ability distribution of φL−E and φN−E for both pristine GNS
and the GNS modified with hydrophilic functional groups.
The modification with hydrophilic functional groups results
in an increased peak value for φL−E, with a corresponding
decrease in the angle at the peak. Both pristine GNS and
functionalized GNS exhibit a pronounced orientation distribu-
tion near 90◦ for φN−E, with the hydrophilic functional group
modification leading to an increased peak value and enhanced
orientation.

Figures 6(a) and (b) depict the variation in φL−E and
λL−E as a function of the number of functional groups.
For pristine GNS, the value of φL−E is 21.31◦ and λL−E

is quantified as 0.77. GNS modified with hydrophilic func-
tional groups demonstrate superior orientation compared to
pristine GNS. Among these, orientation of hydroxylated GNS
is the most pronounced, primarily because the influence of
dipole moments outweighs that of hydration effects. In con-
trast, GNS modified with hydrophobic functional groups dis-
play weakened hydration effects and lesser dipole moments.
Their orientation is inferior to that of pristine GNS, and no
clear trend is observed with an increase in the number of func-
tional groups. Figures 6(c) and (d) illustrate angular prob-
ability distribution for GNS modified with varying numbers

of hydroxyl groups. As shown in figure 6(c), the orienta-
tion distribution around 90◦ for φN−E is very prominent,
and as the number of hydroxyl groups increases, the peak
value amplifies, indicating enhanced orientation. Figure 6(d)
reveals that with an increasing number of hydroxyl groups, the
peak value of φL−E rises, the angular distribution range nar-
rows, and the angle corresponding to the peak value gradually
diminishes.

4.3. Orientation angle model of hydroxylated GNS

The position, direction, type, and number of functional
groups can alter torque generated by hydration effects, dipole
moments, and resistance. These changes influence φL−E of
GNS according to the orientation angle model. The closer
the functional group is to the center of GNS, the smaller the
resistance torque, leading to better orientation. As the num-
ber of hydrophilic functional groups increases, dipole moment
becomes larger and hydration effect strengthens, resulting in
improved orientation. The simulation results are found to be
qualitatively consistent with the orientation angle model, and
hydroxylated GNS exhibit optimal orientation. Hence, we fit
MD simulation data to the orientation angle model and derive
an equation for predicting φL−E of hydroxylated GNS, which
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Figure 5. Functionalized GNS modified with different types of functional groups. (a) Schematic illustration. Red spheres in GNS represent
functional groups. Angular probability distribution of (b) φL−E and (c) φN−E.

Figure 6. Variation of (a) φL−E and (b) λL−E with the number of functional groups. Angular probability distribution of (c) φN−E and
(d) φL−E for GNS modified with varying numbers of hydroxyl groups.

the hydroxyl groups are modified on the outer long edge of
GNS in maximal number. The formula for φL−E is as follows,

φL–E = arcsin
Mf0 + aE
(h+ np)E

, (13)

where the unit ofE is V nm−1,Mf0 = 0.0387 eV, a= 0.516 eÅ,
h = 2.4 eÅ. The number of hydroxyl groups is obtained from
n= 2L/s, where s= 0.426 nm which is equal to three carbon–
carbon bond lengths. As shown in figure 7, we obtain φL−E

of hydroxylated GNS at different lengths, widths, and electric
field strengths. The MD simulation results are in good agree-
ment with the orientation angle model. The longer the GNS

is, the more hydroxyl groups that can be added, resulting in a
larger dipole moment and consequently a smaller φL−E. The
width has a minimal impact on orientation of hydroxylated
GNS. Orientation of GNS increases with the enhancement of
electric field strength.

For pristine GNS with L = 1.988 nm and W = 0.738 nm,
φL−E value stands at 21.31◦. Upon hydroxylation, φL−E

decreases to 8.34◦, while λL−E increases to approximately
1.25× that of pristine GNS. It is evident that modification with
hydrophilic functional groups can significantly enhance ori-
entation of GNS. This model provides guidance for orientation
control of hydroxylatedGNS under aDC electric field. In prac-
tical applications, the length of GNS is much larger than the
scale simulated in this study. Hence, similar orientation results
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Figure 7. φL−E of hydroxylated GNS with different lengths, widths,
and electric field intensities.

as in the simulations can be observed using a much weaker
electric field. The orientation anglemodel andMD simulations
can explain the effects of molecular modification on the orient-
ation of GNS in suspension. However, it is difficult to control
the position of functional groups in the actual preparation of
materials. Interactions between functional groups and aggreg-
ation may affect the orientation of GNS. Both the orientation
angle model and MD simulations have not taken these factors
into account.

5. Conclusion

In this study, we systematically investigated the influence of
molecular modification on the orientation of GNS in water
under a DC electric field using both theoretical analyses and
MD simulation methods. Theoretically, we developed an ori-
entation angle model, which takes into account hydration
effects, dipole moments, and resistance torque. Based on the
orientation angle model, we derived an equation to predict
φL−E of hydroxylated GNS. MD simulations were employed
to study the effects of position, direction, type, and number
of functional groups on orientation of GNS. It was observed
that the optimal position for molecular modification is on the
outer long edge of GNS with all functional groups symmet-
rically distributed and directed in the same direction. Such an
arrangement ensures that the dipole moment vector is parallel
to the long side of GNS. It also found that hydrophilic func-
tional groups enhance the dipole moment and hydrophilicity
of GNS, thereby enhancing their orientation, whereas hydro-
phobic functional groups decrease orientation. Specifically,
hydrophilic functional group modification can reduce the ori-
entation angle φL−E from 21.31◦ to 8.34◦, while hydrophobic
modification increases it to 26.43◦. As the number of hydro-
philic functional groups increases, both the dipolemoment and

hydration effects intensify, leading to enhanced orientation of
GNS. This work can give valuable insights for the orientation
of nanoparticle suspensions and composites, offering guidance
for the design of materials with tunable mechanical, thermal,
optical and electrical performances.
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