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ABSTRACT   

Chromatophores are the colour changing organelles in the skins of animals including fish and cephalopods.  The ability 

of cephalopods in particular to rapidly change their colouration in response to environmental changes, for example to 

camouflage against a new background, and in social situations, for example to attract a mate or repel a rival, is extremely 

attractive for engineering, medical, active clothing and biomimetic robotic applications.  The rapid response of these 

chromatophores is possible by the direct coupling of fast acting muscle and pigmented saccules.  In artificial 

chromatophores we are able to mimic this structure using electroactive polymer artificial muscles.  In contrast to prior 

research which has demonstrated monochromatic artificial chromatophores, here we consider a novel multi-colour, 

multi-layer, artificial chromatophore structure inspired by the complex dermal chromatophore unit in nature and which 

exploits dielectric elastomer artificial muscles as the electroactive actuation mechanism.  We investigate the optical 

properties of this chromatophore unit and explore the range of colours and effects that a single unit and a matrix of 

chromatophores can produce.  The colour gamut of the multi-colour chromatophore is analysed and shows its suitability 

for practical display and camouflage applications.  It is demonstrated how, by varying actuator strain and chromatophore 

base colour, the gamut can be shifted through colour space, thereby tuning the artificial chromatophore to a specific 

environment or application.     
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1. INTRODUCTION  

Chromatophores are pigmented organelles which enable physiological colour change in the skins of many species 

ranging from land reptiles to fishes.  These chromatophores equip animals with a capability that enhances their 

survivability within the specific environment in which they operate 
11,5

.  Chameleons, for example, can change the colour 

and pattern of their skins to blend in with their backgrounds, thereby avoiding detection by predators.  Cuttlefish (figure 

1a) also use their colour changing skins for camouflage, in addition to effective body posturing 
1,3

. Cuttlefish also exploit 

this ability for communication, for example as social warnings and for attracting a mate 
6
.  In cephalopods, including the 

cuttlefish and octopus, the ability to change the outward colour perception of the skin is coupled to sophisticated 

morphing characteristics.  Muscles beneath the skin drive not only skin pigmentation but also three dimensional surface 

structures known as papillae, change a flat compliant skin into a spiked or stippled structure 
1
.  This enables cephalopods 

to blend effectively into undersea foliage. 

Colour changing skins are very attractive as a biological driver for artificial skins.  An artificial colour changing skin has 

many applications, ranging from camouflage to smart multi-functional textiles.  Replicating active animal camouflage 

can enable a robot to blend into the environment for more effectively species monitoring.  Smart textiles have potential 

for social interaction, for example for a wearer to show their emotional state, and for rescue services, for example in 

clothing that changes from unobtrusive flat colour to a bold warning pattern in emergency situations.  In contrast to 

alternative active camouflaging techniques, such as retro-projection 
10

 and LED lighting, animal colourations are 

predominantly reflective, rather than transmissive.  They therefore appear more natural to the viewer in varied lighting 

conditions.  This is especially important for camouflage applications where the camouflage must be effective in a range 

of illuminations, for example from dawn to dusk, and from different viewing angles.  
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In prior work the authors demonstrated the first artificial muscle chromatophores replicating the rapid expansion of the 

cephalopod chromatophore (figure 1b) 
8
 and the slow-acting fluidic melanophore of the teleost fishes 

4
.  In this paper we 

demonstrate the first three-component, multi-colour chromatophore based on the cephalopod colour-changing organelle.  

The proposed red-green-blue chromatophore can generate a range of colours depending on the actuation of the three 

independent colour components.  Independence of the colour channels is maintained through a stacked structure of three 

separate dielectric elastomer 
7
 actuator membranes.  

    

Figure 1. (a) The common cuttlefish, Sepia officinalis, and (b) chromatophore organelle structure in a cephalopod: radial muscle fibres 

(A), nerve terminals (B), cell membrane (C), and pigment sac (D). 

 

2. POLYCHROMATIC DIELECTRIC ELASTOMER CHROMATOPHORES 

Prior work has shown the feasibility of fast-acting bio-inspired artificial chromatophores in single and multiple 

configurations on single dielectric elastomer membranes 
8
.  To realize a multi-colour chromatophore we take further 

inspiration from Nature in the form of the multitude of different colour changing cells that certain species employ in the 

same skin.  For example the American green tree frog Hyla cinerea exploits a complex organelle called the dermal 

chromatophore unit (DCU), combining xanthophore (yellow), melanophore (black) and iridophore (reflective) 

components, to display a wider range of optical effects than is possible from a single-colour chromatophore 
2
.  To deliver 

a wide range of colours, red, green and blue artificial chromatophores are combined in one structure.  In effect we are 

replicating the action that might be achieved by a combination of xanthophore, cyanophore (blue), melanophore and 

erythrophore (red) cells.  The three components of red, green and blue have been selected as a simple mechanism to 

deliver a wide colour range, much as television and computer monitors combine these three colour channels.  An 

alternative is to employ a colour component set such as CMYK (cyan, magenta, yellow and black), which would yield a 

slightly larger colour space at the expense of complexity in control and fabrication. 

 

2.1 Fabrication 

Figure 2 shows the structure of the proposed stacked poly-chromatic chromatophore.  Actuators for the three colour 

components are fabricated separately using single layer spot actuators.  VHB 4905 dielectric membrane (3M) is biaxially 

stretched to linear pre-strain of 100% and pressed onto an acrylic frame with 75mm circular aperture.  Conducting 

coloured electrodes were fabricated by mixing a starch-based gel with sodium chloride solution and artists’ pigment.  

The starch-based gel remains compliant and electrically conductive for a relatively long time (up to 7 days in medium 

humid environment) and has relatively low elasticity, making it suitable as a compliant dielectric elastomer electrode.  

This pigmented mixture was painted onto both sides of the dielectric membrane to form a spot of diameter 14mm.  

Carbon grease was painted onto the dielectric to form narrow electrode connections from the frame to the coloured 

actuator.  Three separate actuators were fabricated for each of the red, green and blue channels.  These actuators were 

then stacked and fixed together to form a single multi-colour chromatophore such that the centres of the actuators were 

14mm apart. 
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Figure 2. Stacked RGB chromatophore construction  

 

 

 
Figure 3. Actuation of RGB chromatophore through a simple cycle.  Monochrome images show changes in actuator strain. 
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2.2 Actuation tests 

For all tests the chromatophore structure in Figure 2 was mounted inside the high voltage test box developed by the 

Auckland Bioengineering Institute and filmed from above using a Canon G9 camera.   

Figure 3 shows frames from a typical test video showing actuation of the three RGB elements.  Here linear actuation 

strain of 23% (area strain of 51%) is shown.  To highlight this strain response under actuation the black intermediate 

images show the difference between frames, white showing areas of motion.  In this example the actuator goes through a 

three-state cycle: R,G,B=off,on,on  off,off,onon,on,off. 

It is important to note that scale is very important in the perception of chromatophores.  The limits and psychological 

bias of human vision mean that perception of colour change at the scale of one chromatophore is limited.  We would 

typically require viewing to be undertaken at a relatively large distance and of a large array of artificial chromatophores, 

rather than a single chromatophore.  For example, arrays of large chromatophores (each of order 10mm diameter) could 

be used as wall displays while arrays of smaller chromatophores (order of 1mm diameter) can be used for closer 

displays, for example on wearable smart textiles. To this effect we analyse the colour ranges we would expect from a 

single chromatophore given that it is part of a large array.  Figure 4a shows a typical layout for a multi-colour 

chromatophore array. 

3. COLOUR GAMUTS OF DIELECTRIC ELASTOMER CHROMATOPHORES 

3.1 Chromatophore colour model 

In our model we assume that a large array will have regions of chromatophores actuating to the same degree, thereby 

producing local blocks of colour.  Within any of these uniform colour regions the triangular intersection of any three 

neighboring actuators will contain the same relative areas of red, green, blue and background colour.  This is shown in 

figure 4b where the triangle ABC defines the perceived colour of the artificial chromatophore.  We define the length of 

each side of the triangle as 1 and the radius of the three colour component actuators as Rred, Rgreen, Rblue.  In this model 

actuator radii are considered in the range [0,1].  For the case of no colour overlap we would need to restrict actuation 

radii to the interval [0,0.5]. 

The background colour can have a significant effect on perceived colour range.  In figure 4b the background is white, but 

it could be any colour within the visible colour spectrum.  In this study we assume that all colours, including background 

colour, exist within the RGB colour space. 

Clearly the order in which the three component actuators are stacked and their horizontal spacing will have an impact on 

the range of colour that the multi-colour chromatophore can produce.  This is illustrated in figure 5 where the triangular 

chromatophore model is shown with increasing actuation in all three components.  In the range 0R0.5 the 

chromatophore will include equal contributions from each of the three component colours.  Above R=0.5 overlap occurs.  

In this case red (bottom layer) is overlapped by green (middle layer), which is turn overlapped by blue (top layer).  As 

radius R approaches 1 the blue component is dominant.  Note that in this case if each component was actuated 

independently to maximum strain R=1 (with the others not actuated) the chromatophore would be covered by that 

colour, be it red, green or blue. 

3.2 RGB colour cube sub-volume 

We now consider the full range of colour that can be displayed by the proposed multi-colour chromatophore model.  To 

illustrate this range we use the RGB colour cube where the three colour components corresponds to the three Cartesian 

axes.  Figure 6 shows the colour cube where each component can have intensity values in the range [0,1].  The plane of 

intersection between the three component colours (at maximum respective intensity) is also shown.  Note here that point 

(0,0,0) corresponds to back and (1,1,1) corresponds to white.  The aim of any RGB colour display is to fill the entire 

colour cube.  In practice this is typically not achievable.  Instead a sub-volume of the cube defines the colours that can be 

replicated.  

Now let us consider the colour sub-volume that may be generated by the proposed stacked multi-colour chromatophore.  

First we consider the case where each component can actuate in the range 0R0.5.  This corresponds to actuation from 

a point of zero radius up to where all component actuators just touch, i.e. no overlap is possible.  Figure 7 shows the 

colour subspace for this configuration for three cases of background colour: black (figure 5a), 50% grey (5b) and white 

(5c).  Clearly the limit of R=0 is impractical for any dielectric elastomer actuator.  We therefore narrow the actuation 
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range to 0.25R0.5.  This corresponds to linear actuation strain of 100% or area strain of 300%, values achievable by 

high performing dielectric elastomer actuators.  The colour subspaces for this configuration are shown in figure 8, again 

for the three background colours: black, 50% grey and white.  The colour subspaces are smaller than figure 7, and the 

corner colours of black and white are not achievable, but the range of colour is suitable for many applications. 

For illustration we also show the model under the widest actuation range of 0R1.  Figure 9 shows two views of the 

tetrahedron sub-space for a white background.  Note that the space is limited by the plane intersecting the maximum 

independent component colours (on the axes) and the white point (1,1,1).  Clearly this actuation range is impossible for 

current dielectric elastomer, but it does show the colour range possible for future three-component chromatophores 

employing alternative artificial muscle structures. 

     
a      b 

Figure 4. Single triangular element model of an RGB chromatophore. 
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R = 0.2 

 
R = 0.3 

 
R = 0.4 

 
R = 0.5 

     
R = 0.6 R = 0.7 R = 0.8 R=0.9 R=1.0 

Figure 5. Uniform actuation of all three components in the overlapping RGB chromatophore model.  (red=bottom, 

green=middle, blue=top layer). 
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Figure 6. RGB unit colour cube representation, with reference plane. 

   

a    b     c 

Figure 7. Colour cube sub-volume for (a) black, (b) gray and (c) white background (0R0.5). 

   

a    b     c 

Figure 8.Colour cube sub-volume for (a) black, (b) gray and (c) white background (0.25R0.5). 

    

a      b  

Figure 9. Maximum colour cube sub-volume for white background (0R1), showing two views of same sub volume. 
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3.3 Example colour ranges 

To show more clearly the colour ranges possible for the proposed multi-colour chromatophore we now interpret the 

vertices of the colour subspaces in figure 8 as uniform colour patches where each patch corresponds to the RGB values at 

a single vertex of the sub-volume. Figure 10a,b,c show the colour ranges for vertices of the sub-volumes in figure 8a,b,c 

respectively. 

The difference in colour across each of these ranges is striking.  Any camouflage device or display exhibiting this range 

of colours would show clear dynamic colour change.  The natural colours in figure 10a (from left, patches 1,3,5,8) are 

especially suited for camouflaging in natural environments, whereas the contrast between the lighter greens, blues and 

purples in figure 10c are more suitable for smart wearable textiles.  In applications we would expect the background 

colour to be selected to maximize the desired effect. For example, the camouflage background might be preferentially 

brown, while in a fashion application the background of the smart textile might be bright red. 

 

a 

 

b 

 

c 

Figure 10. Colour ranges for radii in the range 0.25R0.5, with background black (a), 50% grey (b) and white (c) 

To further illustrate the practicality of the proposed chromatophore figure 11 shows the projected colours corresponding 

to the actuator strains achieved by the three monochrome spot actuators in 
8
.  These show sufficient colour range for 

camouflage applications and are expected to enable new studies in cephalopod interaction and communication, for 

example with a colour changing robot cuttlefish. 

 

Figure 11. Example colours using strains from prior chromatophore study 
8
 (from left: red on, green on, blue on, all on, all 

off) 
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4. CONCLUSIONS 

In this paper we have presented a stacked multi-colour artificial chromatophore inspired by the chromatophores in the 

skins of cephalopods.  Three dielectric elastomer actuator elements, corresponding to the colour components for red, 

green and blue, are stacked together into a single multi-colour chromatophore which can generate a wide range of 

colours.  We show predicted colour sub-volumes within the RGB unit cube for several actuation ranges.  Despite the 

restricted colour space, colour patches corresponding to the vertices of the colour sub-volumes show striking colour 

variations.  These are suitable for applications ranging from active camouflage to smart textiles.  Future work will 

examine the fabrication and exploitation of large arrays of miniature multi-colour dielectric elastomer chromatophores.  

Given the reflective nature of these chromatophores, further scope exists for more sophisticated optical effects including 

iridescence (artificial iridophores) and polarization. 
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