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Abstract

Adaptive camouflage is a type of defense mechanism in which an object is rendered either

hard to see or invisible to a particular observer. The possible applications of this technology

are desirable for both civilian and military use alike. In this paper, I report a review of several

possible methods of achieving this goal, as well as multiple ways of implementing them.

1 Introduction
The official title of the project is “Adaptive Camou-
flage,” and as you can imagine, there are any number
of ways that I could take the project in. Over the past
ten weeks I have investigated several possible meth-
ods of achieving this goal. I researched some more
than others, and I will provide an introduction to
each one here. In addition, I will include supplemen-
tary information for the direction in which I spent
the most time.

1.1 Mimicking Nature

An obvious starting place for actively controlling
camouflage would be to try to mirror the mecha-
nisms of nature that produce the same result. This
is available in a whole slew of animals, the most well
known example is the chameleon. While the color
changing abilities of this animal are impressive, it is
typically agreed upon that it does not occur as an
attempt to counteract a predatory threat. [1] Rather,
it comes with the introduction of stress or tempera-
ture change. [2] The chameleon may change color as
a result of the introduction of a predator, but it is a
result of physiological processes, rather than psycho-
logical. [3, 4]

There are many who would disagree with this, and
it would not be entirely unwarranted. [5, 6] Other
studies suggests that the color changing abilities of
the chameleon can be attributed towards facilitating
social signaling. [7, 8]

But this is not to say that there do not exist
animals that are able to change their color on de-

mand for the purposes of camouflage. Most notably
is the cuttlefish, which can quickly and accurately
shift its color almost instantaneously. Intriguing re-
search demonstrates the dynamic color changing abil-
ities of the cuttlefish by introducing them to a va-
riety of checkered backgrounds and measuring their
response. [9]

In both of these animals, the mechanisms that
are employed to induce color change involve manipu-
lation of the pseudo-transparent chromatophore cells
atop various layers of reflective iridophores and leu-
cophores. [10] A small sack of pigment within the
chromatophore is manipulated via small muscles re-
sulting in color change. [11]

The technical challenges that would arise from at-
tempting to mimic this phenomenon are daunting and
cumbersome; delving more in to biology than physics
or chemistry. Although these animals do present cu-
rious behaviors that would be desirable to reproduce,
neither my background or the physics department at
Kansas State University have the necessary resources
to pursue it.

1.2 Invisibility Through Metamaterials

Another possible way of achieving adaptive camou-
flage can be pursued through the use of metamate-
rials. In short, metamaterials are a type of mate-
rial that gain their properties from their structure
rather than their elementary constituents. [12] These
metamaterials have proved to present revolutionary
abilities; for example, they may be engineered to
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Figure 1: (a) A metal cylinder scattering impinging microwaves.
(b) The same metal cylinder surrounded by a cloak made of meta-
materials. The microwaves can clearly be seen curving halfway
around the cylinder before returning along their original path.

have a negative index of refraction. [13, 14] Using
metamaterials, it is possible to control the electric
permittivity and magnetic permeability in such a way
that electromagnetic waves can be manipulated in
ways previously thought impossible. [15]

In fact, John Pendry at Duke University demon-
strated that it is possible to create a “cloak of invis-
ibility” by creating a gradient of the magnetic per-
meability, varying from the 0 at the inner radius to
0.27 at the outer radius. [16] In 2006 this theory
was confirmed when Pendry and his team success-
fully diverted microwaves around a metal cylinder
surrounded by metamaterials, rendering it invisible
(See Fig. 1). [17] However, these results are only valid
at one frequency in the microwave region.

Vladimir Shalaev of Purdue University has sug-
gested a similar design employing nanorods radially
distributed resulting in a cloak that functions within
the optical spectrum. [18] However, no such device
has yet to be created.

I was able to precisely model Pendry’s design
in Autocad, however since our department does not
have the resources to actuate such a device, I did not
pursue the idea further.

1.3 Invisibility Through The Optical Theorem

Yet another possible means of achieving adaptive
camouflage is through the Optical Theorem. The

Optical Theorem relates the forward scattering am-
plitude to the total cross section of the scatterer. [19]
Mathematically, it can be expressed as

Cext =
4π

k1|Einc

0 |2 Im
{

Einc∗
0 · Esca

1 (n̂inc)
}

(1)

where k1 = ω
√

ε1µ0 and Cext represents the scat-
tering cross section. [20] With this in mind, recall
that our goal is to actively camouflage (or similarly,
“cloak”) a given object. If we assume our object to
exhibit particle-like properties, then we can also as-
sume that Eq.( 1) applies. If we wanted to cloak
such an object, i.e. make it so that it does not re-
move any energy from the incident wave, all we would
have to do is make the scattering cross section equal
to zero. [21]

There are several instances in which Eq. (1) will
result in zero; most notably when

Einc∗
0 · Esca

1 (n̂inc) = 0 (2)

This only occurs when the two elements of the
scalar product are orthogonal to one another. [22]

Although research in this area would be interest-
ing, I do not believe that I am familiar enough with
the concepts involved to make any progress in the
field.

One of the key components in the last and most
investigated method of achieving our goals involve
gold nanoparticles (NPs) and gels. I will include an
introduction to them below, as well as their relevance
in Sections 2.1 and 2.2.

1.4 Nanoparticles

Nanoparticles generally contain 106 atoms or less. As
a result, their properties differ from that of bulk sam-
ples made of the same particles bonded together.† [23]
In particular, Michalet et al. suggests that semicon-
ductor nanoparticles demonstrate exciting new ap-
plications, particularly in biology and medicine. [24]
Specifically, it has been recently shown that nanoscale
semiconductor materials tend to exhibit bandgaps
that are strongly size dependent; increasing with de-
creasing cluster size due to quantum confinement
effects. [25] Furthermore, it has been shown that
these semiconductor nanoparticles can be made (via
surface passivation) to be strongly photolumines-
cent. [26]

In other experiments, gold nanoparticles were
coated with silicon dioxide (a semiconductor) and
placed on a glass substrate creating a thin film. The

†In particular, it should be noted that oftentimes nanopar-
ticles are also classified as quantum dots, which describes the
mechanical regime in which they follow.
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color of the films tended to shift towards longer
wavelengths when the interparticle separation was in-
creased (See Fig. 3 in Section 2.1), and also when
the shell thickness was increased. [27] Specifically, it
was found that the extinction spectrum is dominated
by quadripole and octipole absorption as well as scat-
tering, which explicitly depends on the particle size.
The plasmon absorption maximum tends to shift to-
wards longer wavelengths when the particle diameter
is increased. [28]

Su et al. demonstrated that this idea was appli-
cable to gold nanoparticles without a semiconductor
shell. [29, 30] In the paper, the surface plasmon ex-
citation in pairs of identical gold nanoparticles were
studied. They found that the resonant wavelength
peak of two interacting particles is shifted to longer
wavelengths when compared to that of single parti-
cles, which they attributed to near-field coupling. [29]

1.5 Smart Gels

A gel can be defined as a “jelly-like” substance, one
that is more or less a solid material, and is formed
from a colloidal solution. [31] Gels exhibit many me-
chanical properties similar to that of natural rubbers:
a high deformity and reversibility. [32] Microscopi-
cally, gels consist of a three-dimensional flexible cross-
linked polymer network with a solvent that fills in the
gaps. [33] Depending on the particular solvent used,
the polymer chains can either attract each other and
cause a more dense gel, or repel and cause a less dense
gel (see Fig. 2).

Gels may be synthesized that exhibit a change
in properties when introduced to a stimulus. Such
a gel is often referred to as a “smart gel,” although
they are also referred to as polyacrylamide gels. [34]
The stimuli can vary greatly, as can the result it pro-
duces. Some common stimuli are temperature, pH,
visible light, UV light, external pressure, fluid compo-
sition, antigens, DC electric fields, as well as magnetic
fields. [35–39]

If we can impregnate gold nanoparticles into a
smart gel and then change its volume (i.e. the inter-

Figure 2: (a) A collapsed gel. (b) A swollen gel.

Figure 3: Calculated and normalized extinction spectra as a func-
tion of volume fraction.

particle separation), then we should be able to shift
the color of the gel at will. This is the last and
most investigated method of achieving adaptive cam-
ouflage. The nanoparticles are responsible for the
wavelength of the transmitted spectrum (color), while
the medium in which the nanoparticles lie (the gel)
is responsible for changing the transmitted spectrum
on demand.

2 Theory
Since this project is a blend of two seemingly unre-
lated fields, for clarity purposes I will discuss the the-
ory of each subject in turn. In doing such, I will begin
with the relevant theory behind the gold nanoparti-
cles.

2.1 Gold Nanoparticle Theory

It might be of relevance to ask how a pair of gold
nanoparticles may interact differently when com-
pared to that of one. This can be explained by a
dipolar interaction mechanism. This electrodynamic
interaction, which occurs when the two particles are
in sufficient proximity of one another, has been in-
vestigated. [30, 40] Additionally, recent studies by
Tamaru et al. have been conducted involving pairs
of touching gold nanoparticles. [41]

The relevant effects induced by these interactions
can be explained by either a weakening or strength-
ening of the restoring forces of the plasma electrons
that come as a result of the presence of a charge dis-
tribution from a neighboring particle. [30] An excel-
lent illustration of this concept is depicted in terms
of volume fraction above in Fig. 3. [27]

2.2 Gel Theory

Volume transitions in gels are predominantly a re-
sult of competition among two types of forces in the
gel: attractive forces, which act to collapse the gel,



Adaptive Camouflage 4

and repulsive forces, which act to expand the gel. [42]
The most overpowering repulsive force within the gel
is the Coulombic interaction between constituents of
the polymer network having the same charge. This
can be induced by ionizing the polymer chains via a
(sufficient) potential difference.

Another factor contributing towards the expan-
sion of the gel is the osmotic pressure created by the
counterions present in the polymer network. This
force can be utilized to induce volume transitions
when the free ions in the gel move towards their re-
spective counterelectrode. The attractive forces can
vary greatly; some of the predominant forces are van
der Waals, hydrophobic interaction, ion-ion interac-
tions between opposite kinds of charge, and hydro-
gen bonding. [32] Additional aspects of the volume
transitions of gels can be explained by Flory-Huggins
theory. [43]

As stated previously, smart gels may be synthe-
sized to respond to a variety of different stimuli. Since
the stimuli can vary greatly, it is important that we
focus our attention on only a couple at a time, rather
than all simultaneously. At first inspection, using a
DC electric field to initiate volume transitions seems
as though it would be easy to control as well as im-
plement. Although, another likely stimulus that may
be of relevance is temperature. The majority of the
research has been investigating the use of DC electric
fields.

There are several explanations that detail the pro-
cess which governs the volume transition in gels sub-
sequent to the introduction of a DC electric field.
The most widely accepted explanation is that a stress
gradient is created along the direction of the applied
field, which is due to the electrical responsiveness of
the charged sites in the gel. [42] This summarizes a
point made previously, that the volume transition of
gels can be controlled via the Coulombic interaction
between the polymer chains in the network (which
can be changed via changing the degree of ionization
across the constituent molecules). This changes the
ratio of positive and negative charges, and causes the
gel to either collapse or expand, respectfully.

This can be explained in terms of the energy gain
from the formulation of ion pairs in the contracted
state of low polarity (competing with the expanded
state in which most of the counterions are dissoci-
ated). An increase in ionization increases the ther-
modynamic advantages of the collapsed state with
ionomeric multiplet structure over the swollen poly-
electrolyte state. [44]

Another way that we can imagine a volume tran-

sition from an electrical stimulus is as follows. Since
the polymer network is negatively charged, the pos-
itively charged surfactant molecules tend to bond to
its surface. This decreases the difference in osmotic
pressure between the gel interior and the solution,
causing localized contraction. We are able to focus
the surfactant binding selectively, therefore control-
ling the contraction to one side of the gel by intro-
ducing a DC electric field. [45]

It is also possible to control the pH of the gel in-
directly using a electric field through a process called
electrodiffusion. This same process can be used to
control the intermembrane ionic strength. Further-
more, electrokinetic processes can cause mechanical
deformations in the hydraulic permeability of poly-
electrolyte gels subjected to DC electric fields. [46]

3 Experimental Section
Two separate experiments were conducted in paral-
lel: one to study the effect of the amount of sodium
hydroxide added (Table 1) and another to investi-
gate the effects of adding nanoparticles (Table 2)
during synthesis.

The water-soluble nanoparticles were used with-
out modification.‡ Exactly 2ml of the nanoparticles
were placed in a large test tube along with 6ml of a
50/50 solution of ethanol/distilled water. The con-
tents were centrifuged for three hours to collect the
nanoparticles at the bottom of the test tube. The
solution was then removed and replaced with 1ml of
distilled water. The precipitate was then deaggre-
gated with an ultrasonic cleaner, and the solution
used below.

The polyacrylamide gels were synthesized by
free radical polymerization. [47] Acrylic acid (AA),
acrylamide (AAm), N,N’-methylenebisacrylamide
(BAAm) and Sodium Hydroxide (NaOH) were placed
in a 30ml beaker according to concentrations listed
in Table 1. The total volume was then brought to
25ml and stirred until fully dissolved. N,N,N’,N’-
tetramethylethylene diamine (TEMED) and ammo-
nium persulfate, the initiators, were then added to
the solution. The respective concentrations are listed
in Table 1.

Table 1: Varying NaOH

No. AA AAm BAAm NaOH

(mol) (mol) (mol) (mol)

1 0.05 0.05 0.0005 0.005
2 0.05 0.05 0.0005 0.010
3 0.05 0.05 0.0005 0.015
4 0.05 0.05 0.0005 0.200

‡Nanoparticles were provided by Sreeram Cingarapu and
Ashely Cetnar.
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Table 2: Introducing Nanoparticles

No. AA AAm BAAm NaOH NP
(mol) (mol) (mol) (mol) (µl)

5 0.05 0.05 0.0005 0.015 100
6 0.05 0.05 0.0005 0.015 200
7 0.05 0.05 0.0005 0.015 300
8 0.05 0.05 0.0005 0.015 400

correspond to Table 1 while 5-8 correspond to Ta-

ble 2. The second set of samples had added to them
various concentrations of the preprepared nanoparti-
cle solution.

The samples were then injected into a 2mm ID
test tube using a glass syringe. The test tubes were
then placed in a small beaker and heated on a hot
plate at 60oC for three hours.

After the gels had fully polymerized, they were
extracted from the tubes by gently shattering the
vials with a hammer. The gels were then individu-
ally placed in separate test tubes filled with distilled
water and were allowed to reach equilibrium.

Once in equilibrium, the gels were cut into sec-
tions 2cm long and placed between two zinc elec-
trodes separated by 3cm in a vat of distilled water.
A potential difference of 50V DC was then induced
and the volume transitions recorded.

4 Results
The gels with varying concentrations of sodium hy-
droxide were all uniformly transparent (Table 1),
while the gels with nanoparticles took on a progres-
sively darker shade with increasing concentrations
(Table 2).

It was found that at first the volume change for
all gels was slow, with less than 2mm deviation from
the original size within the first hour. However, upon

Figure 4: Our experimental setup. The outline of the gel impreg-
nated with the gold nanoparticles is visible between the electrodes.

Table 3: Magnetude of Deflection

No. NaOH NP Final Length
(mol) (µl) (mm)

1 0.005 0 7.5
2 0.010 0 9.0
3 0.015 0 10.0
4 0.020 0 14.0

upon leaving the gels in the field for around 12 hours
warranted a greater transition. The exact amount
of the transitions for the various gels are listed in
Table 3. Since the gels from Table 2 correspond to
the same amount of sodium hydroxide as the third
sample in Table 1, as expected they all had roughly
the same magnitude of contraction. For this reason
I did not include them in Table 3. All gels reverted
back to their original size within 12 hours.

In addition to measuring the deflection, in future
experiments it would be desirable to conduct a UV-
Vis spectroscopy survey on samples containing vary-
ing concentrations of the nanoparticle solution both
before and after contraction. However, thus far, no
such experiment has been conducted.

5 Discussion
There were several obstacles that we had to overcome
in order to achieve the results in Section 4. The gels
were not difficult to synthesize; although the physics
department was unable to fulfill our requirement for a
scale capable of measuring the small quantities asso-
ciated with their production. Dr. Christer Aakeröy
was able to accommodate my request by allowing me
to work in the lab of one of his graduate students,
Kanishka Epa, who was very eager to help me in any
way that he could.

One of the most cumbersome problems that I en-
countered was not being able to get the nanoparticles
to go into the gel. Initially, we tried to include the
nanoparticles during the synthesis of the gel, replac-
ing small amounts of distilled water by the nanopar-
ticles. However, it quickly became apparent that the
nanoparticles acted as a catalyst or possibly an initia-
tor to the gel. Within a few minutes, the gel began to
coagulate, but would not fully polymerize no matter
how long it was heated. This is an interesting re-
sult, since the gel normally remains in a liquid state
indefinitely unless heated. This effect was observed
multiple times, even when infinitesimal amounts of
nanoparticles were added during the synthesis.

Another method we tried was first synthesizing
the gels as normal, and then placing the completed
gels in a solution containing nanoparticles and al-
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lowing it to reach equilibrium, hoping that it would
absorb some of the particles through osmosis. We
found that this also did not work; the gels reached
equilibrium by absorbing the water in the solution,
leaving the nanoparticles on the outside. This leads
us to believe that the nanoparticles are too large to
fit through the interstitial regions of the polymeric
network in the gel.

This is hard to believe since as discussed in the
Section 1.4, these particles tend to be rather small.
It would seem natural then to believe that somehow
the particles are aggregating together to form larger
clumps of particles that cannot be absorbed into the
gel.

This may in part be explained by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) potential. [48]
The DLVO potential is a purely repulsive effec-
tive potential between charged colloidal spherical
macroions. [49] This is expressed in terms of zeta po-
tential vs pH in Fig. 5. §

As can be seen in Fig. 5, if we vary the pH of the
nanoparticle solution so that it is no longer neutral,
then the magnitude of the electrokinetic potential in-
creases and the particles deaggregate.

In accordance with this theory, we determined
that by adding sodium hydroxide to the nanoparticle
solution, we were able to deaggregate the particles to
a large extent. However, recall that sodium hydroxide
is a strong base, meaning that it tends to completely
dissociate in water forming an excess of hydroxide
ions. Also recall that sodium hydroxide plays a key
role in the synthesis of the gel: the volume transi-
tion depends sensitively on the concentration of the
polyions, -coo− and Na+ in the gel. By varying the

Figure 5: The DLVO Potential

concentration of the sodium hydroxide during the
synthesis, we inherently also change the transitional
properties of the gel, decreasing in magnitude with in-
creasing concentration of sodium hydroxide. For this
reason, we could not use this method to deaggregate
the nanoparticle solution.

Upon re-examining our nanoparticles, it occurred
to us that there is a relatively high concentration of
ligands compared to that of the actual gold nanopar-
ticles (30:1). It then became of relevance to inquire
as to whether or not this excess is changing the in-
herent properties of the nanoparticles, causing them
to aggregate.

Subsequent to speaking with the individual who
originally synthesized our particles, we were told that
it may be possible to remove the excess ligands by
mixing the nanoparticles with equal parts of ethanol
and water. After centrifuging, the nanoparticles
should collect at the bottom, at which point the liq-
uid could be removed and replaced with water. After
mixing the particles uniformly with the water via an
ultrasonic cleaner, the particles were thought to be
deaggregated.

Including these dissolved nanoparticles in the syn-
thesis of the gel did not result in an exothermic reac-
tion, and warranted a gel impregnated with nanopar-
ticles. This was the procedure used to synthesize the
gels in Table 2.

While this was indeed a large step in the right
direction, it was not enough to bring everything to-
gether. Recall from Fig. 3 that the volume fraction
must be extremely large in order to warrant observ-
able spectral shifts in thin films (φ = 0.10−0.70). [27]
Unfortunately, the final volume fraction of the parti-
cles inbedded in the gel is several orders of magnitude
less than this, even after the volume of the gel has de-
creased.

The relevant question then becomes is it possi-
ble to have a volume fraction of our nanoparticles as
high at φ = 0.70 while still retaining the transitional
properties of the gel. This is something that we did
not have time to explore; but at firsat inspection, this
may be a large roadblock in the road for this project
in the future. In order to achieve a volume fraction
this large, we would need to shrink the volume of the
gel over three orders of magnitude.

6 Conclusions
Even though we did not end up creating a system
with tunable optical properties, we took several large
steps in the right direction. Since most accomplishes

§The zeta potential describes the electrokinetic potential
present in colloidal systems. [50]
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in science are made from these small steps, we are sat-
isfied with our progress. Still, it is important that we
discuss the issues we ran into so that we may continue
building on our ideas in the future once we figure out
how to solve them.

One of the largest problem that we encountered
along the course of this project was our inability to
get the nanoparticles embedded into the gel. We were
later able to solve this problem by methods described
in Section 5.

Secondly, we found that even though at first we
were using stainless steel electrodes, we would get
iron oxide fragments in our distilled water. We later
replaced the stainless steel electrodes with ones made
of zinc; however this did not alleviate the problem.
Instead of iron oxide, the zinc electrodes produced a
slimy goo, not unlike ectoplasm. This problem has
yet to be solved, although a possible solution would
be replacing the zinc electrodes with ones made of
platinum or perhaps titanium.

It also may be helpful to create a larger testing
device; at the moment, we are only able to fit one
sample in at a time. And since the volume transitions
tend to be very slow, it takes an extremely long time
to collect data. Creating a larger testing chamber, or
possibly several small ones, will greatly improve the
efficiency of our research.

The largest unresolved problem details the abili-
ties of our system to yield the necessary volume frac-
tion in order to exhibit significant spectral shifts. Be-
fore this can be answered, we need to investigate the
full potential of the gels in our system. If we can
get them to collapse to three orders of magnitude
less than their original size, then we will be one step
closer to our goal.

Overall we feel as though our time was well in-
vested, although it should be mentioned that we did
run out. Unfortunately, it took us so long to get the
nanoparticles into the gel that we didn’t have enough
time to properly measure any optical changes. In the
future it may be of interest to do multiple systematic
studies (as opposed to one) of this and compare the
results.

This is not to say that it was all for nothing, how-
ever. The experience proved to be fruitful in multiple
respects. One of the most valuable things that I will
take away from this experience is the ability to be
efficient in research.
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