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ABSTRACT

Structural color is nature’s programmable color palette. While pigments and
dyes absorb light to produce color, structural color uses nanoscale, light-reflecting
structures to appear iridescently colored. We present MorphoChrome, an optical
device for real-time, handheld, programmable structural color fabrication. Analogous
to painting with light, MorphoChrome creates multicolor, structurally colored designs
by exposing a commercially available holographic photopolymer film to user-controlled
wavelengths. Within the device, red, green, and blue laser diodes go through an optical
prism, combining light and producing mixed color outputs on the film. Additionally,
we introduce a resin-based process to adhere and integrate the structurally-colored
film with flexible and rigid objects and diverse making processes.

In this thesis, we focus on the device optical design and fabrication, color-mixing,
color output UI controller, device aperture tips, and holographic photo-polymer film
adherence process. We evaluate the available color space and color resolution, and
demonstrate creative fabrication applications.
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Chapter 1

Introduction

In nature, structural color is created through visible light's interaction with nanos-
tructures, materializing radiant iridescent or di�use color [1]. This iridescence is
angle-dependent, showing di�erent colors depending on the angle of vision. While
pigments and dyes can fade, structural color is remains stable with light or heat
exposure.

Historically, handmade fabrication with structural color has been restricted to
existing natural materials. For example, 16th century Mexican artists use real hum-
mingbird feathers to create iridescent, featherwork paintings (plumería) [2] . Similarly,
crushed beatlewings have been found in Basohli miniature 17th century paintings, and
19th century European textile and decorative arts [2].

To formulate synthetic, biomimetic structural color, interdisciplinary researchers
have analyzed the intricacies of hummingbird feathers, butter�y wings, beetle scales,
and gemstones [3]. This has resulted in structurally-colored pigments and metama-
terials [1]. However, a major limitation of biomimetic solutions are the chemical
and material fabrication complexity; access to and availability of these substrates is
limited to select individuals and laboratories.

Recently, handheld, color-changing processes have been explored in HCI through
the use of programmable pigments and dyes. Programmable color processes utilize
special pigments or dyes in conjunction with di�erent activation sources (uv light, heat,
magnetic �elds), to create adaptive interfaces for diverse individual and commercial
applications [4], [5], [6], [7]. However, these interfaces produce only di�use color, are
pigment based, can fade, and can have long exposure times. True structural color
fabrication is largely underexplored in HCI. Most closely isM and M [8], where
researchers create structural color through a di�raction based grating approach.

In the case ofScalable optical manufacture of dynamic structural color in stretchable
materials [9], researchers developed a method for creating structural color utilizing the
physics of Lippmann photography [10] with a modi�ed RGB projector. While they
have demonstrated high-resolution structural color, this process is still limited, as they
rely on a stationary projector and complex laboratory machines. Their manufacturing-
based fabrication approach does not allow the user to real-time, hand-construct their
own design on the �lm�they are limited to pre-formulated images.

In this thesis, we present MorphoChrome, a real-time fabrication process for
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Figure 1.1: MorphoChrome can create structurally colored, custom designs with its
handheld, programmable fabrication process. a) MorphoChrome device, holographic
photopolymer �lm, and re�ective backing setup. b) We expose the �lm to multi-color
light, creating angle-dependent structural color. c) Structurally-colored �lm design.
d) We coat a custom 3D printed object with UV-curing epoxy-resin. e) The �lm
is adhered to object. f)Epoxy-resin is cured with UV light. g) Process result: a
structurally-colored green Papilio inspired butter�y with bright green, which color-
changes with angle shift to become a blue Morpho butter�y.

iridescent structural color. With MorphoChrome we establish a distinct, programmable,
multi-color material space, allowing real-time creative, personal fabrication with
iridescent structural color. There are handheld, fabrication, bene�ts to our system:
1) There is no pre-loading or programming of the image eliminating the need for
digital interference and allowing direct making. 2) The process is multi-color (red,
green, blue), allowing the user to control it based on color selection. 3) We use a
commercially available materials, thereby eliminating the need for any special chemical
or material synthesis. 4) We developed a resin-based process for adhering the �lm to
create iridescent objects.

MorphoChrome is inspired by handheld creative processes, and presents a new
method for real-time, programmable fabrication with structural color. We have
created an optical device and resin adhering process for �exible and rigid object
applications. MorphoChrome provides a hand-controlled process that allows for real-
time creative designs, color-selection, and switching out of aperture tips for di�erent
marks. Additionally, MorphoChrome requires no laboratory equipment or advanced
chemical synthesis.

In summary, MorphoChrome contributes:

ˆ An optical device design and fabrication pipeline that uses compact laser diodes,
allowing for real-time color control and saturation of holographic photopolymer
�lm.

ˆ A GUI for RGB color selection and iridescent preview.
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ˆ Resin-based curing methods with handheld UV light for rapid adherence of the
�lm to diverse objects.
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Chapter 2

Related Work

In this chapter, we review the relevant work on structural color in bioinspired and
color-changing interfaces, Human Computer Interaction, and visual art contexts.

To paint with light, HCI researchers have formulated brush-based interactive
interfaces such asLightCloth [4] and Dip-It [11], wherein a computer-controlled tool
produces a digital reaction when in contact with a speci�ed surface. However, no
material is layered or augmented in the way that traditional pigment-based painting
or sculpture elicits. In short, they are ultimately digital, not physical, mediums.

In Scalable optical manufacture of dynamic structural colour in stretchable mate-
rials [9], researchers developed a method for creating structural color utilizing the
physics of Lippmann photography. An image is projected with a modi�ed RGB
projector onto holographic �lm, and later adhered to diverse, stretchable backing
layers. However, this fabrication process does not allow the user to real-time construct
their own image on the �lm�they are limited to pre-formulated, projected images.
Holographic photopolymer �lm, when coupled with a custom light-source, is able to
become a canvas for artistic expression; thereby enabling creative agency�the ability
for an individual to freely actualize imagination within their medium of choice through
traditional artistic or improvised techniques, a critical component of making art.

Figure 2.1: Blue coloration in the Morpho Sulkowskyi butter�y (left) is because of
nanostructures (right) on the wings. Image adapted from Wikimedia Commons and
Radislav A. Potyrailo et al. [12]

.
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2.0.1 Biomimetic Color and Programmable Mediums

Programmable color is present throughout nature as structural color: color gener-
ated from the interplay of light between nanostructures, as seen in Figure 2.1 [13].
Bioinspired researchers across disciplines have worked to synthesize structural color
through diverse engineering solutions: Omenetto et. al demonstrate �painting� with
3D nanostructures�silk inverse opals�achieving a visible structural color palette [14].
Elastomers mimicking the structural color of cephalopod skin allow for on-demand
�uorescent visual image creation using lines and circles through electric �eld control
[15]. In Photonic Pigments[16], red, blue, and green structural color pigments are
created for diverse visual applications through dense nanostructure assembly, while
Cencillo-Abad et. al use metal oxides to create structural color-�aked paint [16].

In Human Computer Interaction, programmable color takes diverse forms, ranging
from light and heat activated materials to interactive, handheld systems. InPho-
tochromeleon[5] and its handheld counterpart,PortaChrome [6], multicolor pigments
are activated with a UV light source enabling reprogrammable, multidimensional
textures on 2D and 3D objects. InChromoResin [17], researches utilize RGB light
with UV cured resin during 3D printing to color objects with speci�c light wavelengths.
Single color-changing systems such asThermoPixel [18] use heat to program materials
with conductive �lament, while Thermochromorph[7] uses heat-activated pigments to
produce CMYK images that transition into eachother when heated. Dichromatically,
magnetic displays allow the user to control black and white voxels in 3D objects [19].

Transitioning to handheld, approaches,LightCloth [4], uses a pen to direct the
color of �beroptic cloth, while FlexStylus [20] uses �beroptic cables coupled with
infrared sensing to create a brush that measures deformation of the stylus, with one
application being augmented drawing; thereby allowing the user to control both either
tilt, pressure, or grip, via deformation while drawing. With I/O Brush [21], color,
texture, and line are "picked up" by the brush and drawn on a digital interface. In
Dip-It [11]infrared painting on an interactive, digital table enables users to paint with
haptic feedback, enlivening digital art creation.

2.0.2 Structural Color in Human Computer Interaction

Structural color explorations in HCI expand into living biological systems:Flavo-
rium [22] creates a new biological medium utilizing the iridescent visual aesthetics of
Flavobacteria, letting the user control the living organism's �uorescent color output.
Creating objects with custom structural color and pattern using laser engraving is
detailed in M and M:Molding and Melting Method Using a Replica Di�raction Grating
Film and a Laser for Decorating Chocolate with Structural Color[8].

Closest to our work isScalable optical manufacture of dynamic structural colour in
stretchable materials[9], where Lippmann photography is modi�ed for holographic
photopolymer �lm. When the �lm is exposed with a modi�ed RGB projector, structural
color is created within the medium; as the �lm deforms, it changes color, becoming a
mechanoreceptive sensor for diverse applications.

The limitation of these works is their inaccessibility for creating real-time, control-
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lable structural color in the context of hand-controlled, modular fabrication.

2.0.3 Structural Color Use in Handmade Designs

Historically, creating visual designs with structural color has been restricted to what
nature has to o�er. Hummingbird feathers can be found in the iridescent, featherwork
paintings (plumería) of Mexican 16th century artists [2]. Crushed beatlewing has
been found in Basohli miniature 17th century paintings, and 19th century European
textile and decorative arts [2].

Later, transcending pigment and using light directly as her medium, laser and
white-light holographic arts pioneer Harriet Casdin-Silver created multi-color artworks
("pseudocolor") in collaboration with physicist Stephen Benton [23]. InIridescence
(2019) [24], Architectural designer Benhaz Farahi uses lenticular lenses to create
actuated, color-changing e�ects, mimicking the iridescent structural color of humming-
bird wings, and interactively re�ecting the wearer's emotional ecosystem. Borrowing
from nature directly, contemporary artist Damian Hurst works with structural color,
carefully laying out mosaics of butter�y wings across the canvas in works such as
Mandalas (2019)and The Empresses (2022)[25].
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Chapter 3

Working Principle

Figure 3.1: Holographic photopolymer �lm exposure process with visible light. (a)
Film on re�ective backing is exposed to red light. (b) Standing waves form inside
the photopolymer. (c) Varied refractive indices form from light exposure. (d) Viewer
observes red light.

Holographic photopolymer �lm, when exposed to wavelengths of light in its sensi-
tivity range, forms nanostructures that re�ect light. MorphoChrome creates structural
color by exposing holographic photopolymer �lm adhered to a re�ective metal backing,
through modi�ed Lippmann photography [9].

By applying the �lm to a re�ective backing, we are able to create a standing wave
within the �lm comprised of incident and re�ected light waves (Figure 3.1). This
standing wave forms a light-re�ecting structure consisting of layers with periodic
refractive index variations: repeating layers of the polymer matrix with that allows
light to travel at di�erent speeds [9]. Di�erent refractive indexes cause variations in
wavelength re�ection and therefore visible color.

Iridescence: After exposure, the �lm exhibits iridescence, as it predictably displays
di�erent colors when viewed from varying angles. This is due to angular-dependent
Bragg di�raction: layers of structured materials interfering constructively at speci�c
angles. [9] As the viewing angle increases, red light may shift toward green, green to
blue, and blue into ultraviolet.

This iridescent spectral shift is governed by the Bragg condition for re�ection
holograms, as seen below [26].

� (� ) = 2 nd cos(� ) (3.1)
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where:

ˆ � (� ) is the observed (reconstructed) wavelength at viewing angle�

ˆ n is the average refractive index of the photopolymer

ˆ d is the fringe spacing (grating period)

ˆ � is the angle between the incident (or viewing) light and the normal to the
holographic grating

As � increases,cos(� ) decreases, causing� (� ) to decrease � resulting in a blue
shift. This explains the observed progression of color with angle: red! green! blue
! ultraviolet.

Figure 3.2: Iridescence in the structural color created with the MorphoChrome: the
color blue shifts, i.e. have shorter wavelength, when viewed from the side.

As a result of the Bragg condition, light exposure angle directly in�uences the
resultant perceived color.

Color-mixing: MorphoChrome utilizes normalized, modi�ed additive color mixing
for RGB (Figure 3.3).

Figure 3.3: Normalized Additive RGB Color Mixing with MorphoChrome.

For example, when exposed to red light, the �lm will become red. When completely
mixed, the colors add constructively. Using additive color mixing with red, green, and
blue incident light, we form secondary colors such as magenta and yellow.
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Chapter 4

MorphoChrome

MorphoChrome provides a system for real-time, hand-controlled programmable color
fabrication; thereby allowing the user to create their own unique, structurally colored
iridescent designs. To do this, we have a three-part system consisting of 1) a hand-
controlled optical device, 2) a UI for the brush's RGB color selection and preview of the
subsequent iridescent color generated in the �lm, 3) A holographic photopolymer �lm
�canvas." By controlling three di�erent lasers and color-mixing real time through an
x-cube prism within the device, the user can update their color of choice while creating
real-time. While past work utilizes a LED projector or previous programmable color
works that are pigment based, MorphoChrome provides a real-time process where the
user can change color and freely draw on the �lm [27]. This opens possibilities for
hand-drawn structurally colored designs to be synthesized and integrated into di�erent
2D and 3D creative applications, such as structurally-colored painting, jewelry design,
wearables, or sculptures.

4.0.1 Handheld Real-Time Structural Color

In creating MorphoChrome's handheld device design and output, two speci�c artistic
criteria regardless of medium, were de�ned and emphasized:

ˆ Embodiment: the presence of the artist's physical experience in either informing
the conception of or the physical making process for producing the artwork.

ˆ Materiality: the physicality of the medium(s) used in an artwork or creative
research practice. Materiality goes beyond material selection into rigorous
exploration and subsequent understanding or mastery of a physical medium.

MorphoChrome consists of a laser-powered device that outputs user-controlled
RGB color. To begin creating structural color, use the device in low or di�used
setting so as not to prematurely expose the �lm. Using the provided python UI for
color selection, choose from a variety of RGB colors. Select a provided device tip, or
generate a custom one using the Grasshopper CAD script provided. Real-time as the
user creates, di�erent colors can be selected, and di�erent brush tips can be switched
out to materialize di�erent design outputs.
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Figure 4.1: MorphoChrome combines defocused red, green and blue laser light with a
compact optical system: two mirrors are used to direct the red and blue laser and an
x-cube prism is used to combine the three colors. The mixed laser light exit through a
tip with a smaller opening, creating the de�ned edge of the MorphoChrome brush
stroke.

After the image is created, remove the holographic �lm from the re�ective backing.
The user can select the desired 2D or 3D backing layer/object for their structurally-
colored design. Apply a small amount of fast-curing UV resin. Smooth the resin so it
resembles a thin layer no less than 1mm high. The �lm contains a plastic PMMA layer
that the photopolymer is coated on. Carefully place the �lm on top, photopolymer
side touching the resin. Smooth any air bubbles. Cure the �lm with a UV light for 30
seconds - 1 minute depending on resin placement. Peel o� the PMMA layer, leaving
only structurally-colored photopolymer behind.

4.0.2 MorphoChrome Device Design

The integrated, hand-held optical system of MorphoChrome consists of a device body
containing three laser diodes of the desired wavelength, an x-cube optical prism to
combine the colors, a di�user to defocus the green laser, and an detachable aperture tip
(Figure 4.1). Aesthetically, MorphoChrome is inspired by analogue, hand-held creative
fabrication tools such as paintbrushes, pencils, and pens. In the next paragraphs, we
discuss the design of each part and end system transfer.

Laser Selection: MorphoChrome incorporates three, low-power laser diodes to
produce multicolored, hand-controlled, structurally-colored visual outputs. We used
laser diodes because of their light intensity, compact size, and low power consumption.
Speci�c diode selection is based on four properties: 1) spectral emittance, 2) light
output intensity, 3) power requirements, 4) device miniaturization.

The laser diodes (Red (635nm) (Thorlabs ); Green (560) (Qiaoba), Blue (450nm)
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