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Figure 1: ShiftLens uses a mechanically actuated optical surface to create switchable appearances on 3D objects without
electronics, demonstrated through (a) a chemical bottle that displays a safety warning when the cap is loose, (b) a door sign
that toggles between two messages when flipped, (c) a tic-tac-toe board whose cells are controlled by knob for electronic-free
interactions, and (d) a lipstick tube that shifts through a color gradient as the barrel rotates.

Abstract
Interactive objects often rely on embedded electronics for dynamic
surface appearance, which can increase fabrication complexity and
reduce robustness in everyday settings. We present ShiftLens, a
design and fabrication system for creating 3D objects with mechan-
ically switchable surface appearances, enabling dynamic visual out-
put without electronics. ShiftLens combines a lenticular lens layer
with a patterned backplane to create an optomechanical surface that
changes appearance through small, controlled shifts between the
two layers. This allows objects to display distinct, high-resolution
appearances that are discrete. To make these transitions reliable, we
introduce actuation mechanisms that translate inputs such as press-
ing, sliding, and rotating into repeatable surface changes. We also
contribute a computational design tool that takes 3D geometry, de-
sired appearances, and actuation types as input, and automatically
generates the lenses, patterns, and actuation mechanism geometry
for single-pass multi-material 3D printing. Finally, we analyze the
geometric constraints for supporting ShiftLens on curved surfaces,
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the lens design trade-offs that affect viewing range and pattern
quality, and demonstrate ShiftLens through a range of applications.
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1 Introduction
Many interactive objects use visual feedback to indicate their states,
typically through embedded electronics such as LEDs and screens.
However, a broad class of everyday objects would benefit from
visual feedback without power or electronics. For instance, objects
exposed to water, chemicals, or mechanical stress make embedded
electronics impractical and prone to damage. Designers of such
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objects often resort to static labels and permanent engravings, but
static graphics cannot reflect changing states, modes, or user ac-
tions.

Interactive surface optics offer an alternative output channel:
they can encode multiple visual states directly into an object’s
surface and reveal them through physical interaction, without elec-
tronics or external displays. However, existing approaches do not
yet support practical, motion-driven state switching on 3D objects.
In HCI and digital fabrication, most fabricated optical surfaces are
either viewpoint-dependent, so the displayed image is determined
by where the observer stands, or limited to planar constructions
that do not readily extend to curved object geometries.

Prior approaches illustrate the two sides of this gap. Lenticu-
lar Objects [40] demonstrates that multi-material 3D printing can
embed lenticular optics onto curved surfaces to produce different
appearances from different viewpoints. Yet the visible state is deter-
mined by the viewpoint rather than by intentional input, making
the technique unsuitable for reliable on-demand state communica-
tion. Conversely, occlusion-based systems, such as FabObscura [30],
support repeatable switching through relative shifts between a
mask and a substrate, enabling discrete visual states. However,
these systems are largely restricted to planar surfaces, often leave
opaque grid lines visible, and do not provide a general method for
supporting such switching on curved 3D forms.

We present ShiftLens, a design and fabrication system for creat-
ing 3D objects with mechanically switchable surface appearances.
ShiftLens combines a lenticular lens layer with an underlying pat-
tern layer to create a hybrid optomechanical surface that offers a
distinct class of passive, object-state-coupled surface output. By in-
troducing a small, controlled displacement between the two layers,
the object reveals different surface patterns. Because the same me-
chanical motion that changes an object’s functional state can also
select its visible state, everyday artifacts can become self-reporting
without electronic sensing, batteries, or embedded display hard-
ware. Depending on how this motion is constrained, the surface
can support two-state, multi-state, or smooth visual transitions.

These transitions cannot be realized on any arbitrary 3D geome-
try. To maintain alignment during actuation, the lens and pattern
layers must preserve a consistent spatial relationship throughout
motion. We formalize the compatible surface classes for ShiftLens as
translation, revolution, and combined screw-like surfaces, and use
this formulation to drive an end-to-end computational design tool.
Given a target geometry, desired visual states, and the type of actu-
ation, the tool automatically generates the lens array, pattern layer,
and actuation mechanism geometry for single-pass, multi-material
3D printing. To support active interaction, we introduce three ac-
tuation mechanisms, a switch, roller, and knob, that couple user
input to precise lens-layer displacement. Alternatively, ShiftLens
can be coupled with motion already present in an object.

We further analyze the optical tradeoff between viewing range
and pattern visibility, and optimize lens geometries that support up
to 10 display states under current fabrication constraints. Finally,
we demonstrate ShiftLens through six fabricated examples spanning
all three geometry types and a range of actuation mechanisms.

In summary, we contribute:

• a hybrid optomechanical surface that enables mechani-
cally switchable appearances on 3D-printed objects;

• a computational design and fabrication pipeline grounded
in a geometric formulation of compatible surfaces and optical
optimization; and

• an analysis and optimization of the optical design trade-
offs, together with fabricated applications that demon-
strate the system across multiple object geometries and in-
teraction styles.

2 Related Work
We situate ShiftLens in relation to prior work on dynamic object
surfaces, fabricated surface optics, and motion-coupled optical mul-
tiplexing.

2.1 Dynamic and Switchable Object Surfaces
Researchers have explored ways to make the surfaces of physical ob-
jects visually dynamic, allowing physical artifacts to communicate
state, provide feedback, or enable interaction through changes in
appearance. Many such systems rely on electronics and embedded
displays. Early work coupled physical interaction with digital ren-
dering, for example, through body-surface projection (Skinput [12])
and tangible interaction on top of graphical displays [11]. More
recent work integrates display technologies directly into objects
and garments, such as flexible e-ink in textiles (AlterWear [6]) and
PDLC-based reconfigurable garments (Project Primrose [7]). Push-
ing integration further, some systems apply electroactive materials
as a coating or patterned layer onto object surfaces (ProtoSpray [10],
FabricatINK [9]), allowing displays to conform to arbitrary shapes
rather than remaining within a rigid enclosure.

To avoid active electronics, researchers have explored mechani-
cally driven surface transitions that produce visual change through
deformation alone. Mechanical metamaterials are one approach:
Metamaterial Textures [14] switch surface geometry under compres-
sion, while Reprogrammable Digital Metamaterials [15] use bistable
mechanical logic to support discrete reconfiguration. Related sys-
tems such as Venous Materials [20] embed colored fluid channels
that change appearance as structures bend or compress. While
these approaches enable electronics-free visual feedback, the visual
output remains closely tied to geometry or material flow, limiting
image resolution and programmability.

To achieve richer visual effects, researchers explored active mate-
rials that change appearance in response to external stimuli. Ther-
mal systems activate thermochromic pigments through embed-
ded heating channels (Thermotion [39], ViviClay [17], ThermoPix-
els [19]), while photochromic approaches enable reprogrammable
coloration through controlled light exposure (Photo-Chromeleon [16],
PortaChrome [42]). Other systems use magnetic or polarization ef-
fects, such as magnetophoretic voxel displays [36] and polarized
light mosaics (Polagons [28]).

In each case, the appearance change is tied to a specific mate-
rial property: thermochromic materials require sustained tempera-
ture, photochromic materials require actuation time, and magne-
tophoretic and polarization-based approaches are limited in color
transition range and gamut, making them challenging to use as
immediately interactive, high-contrast surface indicators. ShiftLens
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bypasses these material constraints by encoding visual states into
optical geometry, enabling instantaneous, high-resolution, and dis-
crete image switching through mechanical displacement alone.

2.2 Fabricated Surface Optics
Digitally fabricated optical elements enable physical objects to ex-
hibit behaviors beyond what traditional lenses can provide. Prior
work has shown how object geometry can be optimized to produce
tailored surface reflectance [33], caustic projection patterns [27],
and complex mirror surfaces for light-path control (MirrorForge [8]).
Other approaches encode imagery directly into geometry to pro-
duce view-dependent appearance, such as printable surfaces that
reveal different images from different viewpoints [24], occlusion-
based light fields generated from height fields (Parallax Walls [31]),
and self-shadowing surfaces that display multiple images under
directional illumination (ShadowPix [2]). Similarly, computational
reflector design has been used to fabricate mirrors that display
multiple images depending on viewing direction [26]. In parallel,
lenticular imaging has been computationally optimized in graph-
ics [32], improving image quality by adapting lens and content
parameters to the displayed scene. Recent work has also explored
lenticular fabrication across unconventional materials and fabrica-
tion pipelines [37, 38], further illustrating the flexibility of lenticular
design and fabrication workflows across media. However, across
these approaches, the resulting optical effects remain fixed once
fabricated and do not support direct user interaction.

To enable interactive visual feedback, HCI researchers have em-
bedded optical elements into interactive systems: Lumino [1] routes
fiber-bundle imagery from a tabletop display to support tangible
interaction, while Printed Optics [34] and PAPILLON [3] use 3D-
printed light pipes to route imagery from a planar source to non-
planar and curved surfaces. Similarly, computational light rout-
ing [23] demonstrates embedded optical pathways for display and
sensing, and Deshpande et al. [5] offers a rich vocabulary of the new
interactions achieved with FDM-printed optical pathways. ShiftLens
prioritizes passive, stand-alone state coupling over dynamic pro-
grammability, making visual feedback physically co-located with,
and mechanically coupled to, the object’s own operation.

Other work has used fabricated optical structures primarily
for sensing or machine-readable encoding. MoiréBoard [35] uses
moiré interference patterns as a passive surface for camera tracking
without power or calibration, while MoiréTag [25] uses a passive
moiré marker for angular measurement and tracking. LumosX [18]
employs 3D-printed anisotropic reflectance patterns for machine-
readable surface encoding. Similarly, unobtrusive optical tags can
be fabricated into surfaces to enable directional light decoding [22].
While these systems demonstrate the expressive potential of fabri-
cated optical structures, they primarily serve as sensing or machine-
readable input channels rather than as visual feedback for users.

Most closely related is Lenticular Objects [40], which 3D-prints
fly-eye lenses across curved surfaces to display different images
from different viewpoints. However, switching is view-dependent
with no mechanical actuation. ShiftLens extends this idea by cou-
pling the optical layer to a mechanically constrained sliding mecha-
nism, enabling user-controlled image switching through actuation,

shifting the interaction from viewpoint-dependent appearance to
state-coupled feedback.

2.3 Motion-Coupled Optical Multiplexing
A closely related line of work exploits relativemotion between struc-
tured optical layers to multiplex distinct images within the same sur-
face footprint. Barrier-grid and occlusion-based approaches, which
have a long history in craft and print media, interleave image strips
beneath a mask such that lateral displacement reveals different
content. FabObscura [30] formalizes this principle as a compu-
tational design material, supporting translations, rotations, and
viewpoint-driven reveals in fabricated artifacts, while systems such
as KineCAM [29] demonstrate motion-driven animated imagery
through similar occlusion mechanisms. In parallel, moiré-based
approaches such as MoiréWidgets [4] and MoiréTag [41] leverage
interference between overlaid patterns to amplify small relative
displacements into perceivable visual changes or high-precision
sensing signals. Complementary work, Magic Lens [21], constructs
refractive lenslet arrays that decode hidden imagery when posi-
tioned above a printed substrate, turning relative alignment into a
visual reveal mechanism.

These systems establish a core principle: structured optical layers
can encode multiple images within the same surface area, selectable
by controlled relative displacement. However, existing systems are
primarily demonstrated on planar stacks, often leave visible grid
or mask artifacts on the surface, and treat motion as continuous or
unconstrained rather than as mechanically enforced, repeatable off-
sets. ShiftLens builds directly on this principle and extends it along
three dimensions: (1) it supports switching on curved 3D-printed
surfaces; (2) it integrates a hybrid lens–mask optical stack that min-
imizes persistent grid artifacts while maintaining image fidelity;
and (3) it couples the optical layers to mechanically constrained
mechanisms that enforce precise, discrete lateral offsets required
for reliable state transitions during everyday interaction.

3 ShiftLens
This section introduces the core design of ShiftLens, including its
optical working principle, the surface geometries that support rela-
tive motion, and the actuation mechanisms that enable interactive
appearance change.

3.1 Working Principle
ShiftLens is a design and fabrication system for creating 3D objects
with mechanically switchable surface appearances. The core idea
is to encode multiple visual states into an object’s surface and
reveal them through small, controlled relative motion between
two optical layers. This allows a physical object to display distinct
surface patterns without embedded electronics, screens, or external
projection.

A ShiftLens structure consists of two optical layers: a lens layer
on top and a pattern layer underneath (Figure 2a). The pattern
layer contains interleaved image strips corresponding to different
visual states. The lens layer consists of a cylindrical lens array
with integrated opaque regions that selectively reveal portions of
the pattern layer. In the aligned state, the viewer sees one visual
state (Figure 2b); when the lens layer shifts laterally relative to
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Figure 2: ShiftLens working principle. (a) ShiftLens optical
layers. (b) Actuation mechanisms are moved to trigger the
surface appearance change.

the pattern layer, a different set of strips becomes visible, and the
surface appearance changes (Figure 2b).

Because state switching is achieved through relative displace-
ment rather than viewpoint alone, ShiftLens supports intentional,
user-controlled transitions between surface appearances. Depend-
ing on the motion’s constraints, the transition can be two-state,
multi-state, or a smooth transition driven by a smooth mechan-
ical motion sweep. For example, an actuation mechanism can
snap between two fixed offsets to create a stable two-state display
(Figure 2b), or sweep smoothly across multiple offsets to support
smooth visual transitions.

3.2 Compatible Surface Geometries
The switchable appearance in ShiftLens relies on controlled relative
motion between the lens layer and the pattern layer. For this motion
to remain smooth and visually stable, the two layersmustmaintain a
consistent spatial relationship during actuation and avoid colliding.
This requirement imposes a geometric constraint on the surfaces
that can support a ShiftLens structure.

By Chasles’ theorem [13], any rigid body motion can be decom-
posed into a screw motion: a rotation about a fixed axis combined
with a translation along that same axis. A surface is compatible
with ShiftLens if and only if it can be generated by sweeping a curve
along such a screw motion. In practice, this yields three families
of surfaces that are supported (Figure 3a). Translation surfaces
are generated by sliding a curve along a straight path, producing
flat or extruded forms. Surfaces of Revolution are generated by
rotating a curve around a fixed axis, producing cylindrical, con-
ical, or bowl-like shapes. Combined surfaces follow a helical
motion, combining rotation and translation simultaneously, pro-
ducing screw-like or twisted forms. Surfaces that do not follow one
of these motion families are not compatible with ShiftLens. For ex-
ample, surfaces defined by sine-wave motion paths or non-uniform
scaling cannot maintain the required spacing during actuation (Fig-
ure 3b). In such cases, shifting the lens layer would cause collisions
or misalignment.

To support this constraint in the ShiftLens design tool, users
define a compatible surface by choosing one of the three supported

Figure 3: Compatible and incompatible ShiftLens surfaces. (a)
Three families of compatible surfaces: translation surfaces,
surfaces of revolution, and combined surfaces. (b) Two ex-
amples of incompatible surfaces.

motion families and specifying its generator curve and motion
parameters.

3.3 Actuation Mechanisms
To reveal different visual states, ShiftLens requires a translational
or rotational shift between the lens and pattern layers. This motion
can either come from an interaction already present in the object,
such as rotating the body of a lipstick, or from an integrated ac-
tuation mechanism (Figure 4). In the first case, ShiftLens can be
embedded directly into the object and coupled to its native inter-
action without introducing a separate control. When no suitable
native motion is available, ShiftLens provides three built-in actu-
ation mechanisms that can be directly integrated into the object
(Figure 5). Through these mechanisms, users can switch the surface
appearance by direct physical interaction, producing two-state or
multi-state changes, or smooth visual transitions, depending on the
actuation type.

Switch. A switch provides a two-state toggle between two visual
states (Figure 5a). The lens layer is coupled to a rocker mechanism
that travels between two fixed end positions, each corresponding to
a distinct appearance. The switch is connected to the lens layer and
the pattern layer via two rods; the rod lengths and pivot geometry
are calculated so that flipping the rocker to either end position
displaces the lens layer by exactly the offset required to transition
between the two visual states. Because the motion is mechanically
bounded, the switch supports exactly two visual states.

Roller. A roller supports smooth rotational control over the
lens layer (Figure 5b). It is constructed using a rack-and-pinion
mechanism: a pinion gear is mounted on a shaft attached to the
lens layer, and engages a linear gear track fixed to the pattern
layer. As the user rolls the cylindrical gear surface, the shaft rotates



ShiftLens: Mechanically Actuated Optical Surfaces for Switchable Appearances on 3D Objects UIST ’26, November 02–05, 2026, Detroit, MI, USA

Figure 4: Two types of interaction with ShiftLens. The user
either leverages an existing integrated shifting interaction
within the object or adds an external interaction from an
actuation mechanism.

the pinion, which drives the lens layer linearly along the rack,
enabling smooth transitions across visual states. A roller supports
an arbitrary number of viewpoints in a smooth sweep, making it
suitable for applications such as navigating a sequence of states or
adjusting a parameter.

Knob. A knob also provides rotational control, but with an
upright form factor (Figure 5c). It is designed with a larger knob
above the lens layer that is coaxially connected to a small pinion
gear seated in a cavity in the pattern layer. On one side of the
cavity, the pinion engages a rack, converting knob rotation into
linear translation of the lens layer; on the opposite side, detent
notches in the cavity wall engage the pinion at discrete positions
for multi-state selection. A knob can operate either in smooth mode,
supporting smooth transitions across arbitrary viewpoints, or in
multi-state modewith detents, supporting a fixed number of distinct
states. This flexibility makes the knob suitable for both smooth
control and multi-state selection.

4 Design Tool and Fabrication
To support users in designing ShiftLens objects, we developed a
design tool within the existing 3D modeling software Rhino, using
the Grasshopper scripting environment and the Synapse Library.
Designers start by defining their desired surface, then choose an
actuation mechanism. The design tool prompts them to import im-
ages for each visual state, and the system generates the optical layer,
pattern layer, and actuation mechanism geometry for fabrication.
In this section, we demonstrate the design tool workflow through
the example of a fan-shaped door sign controlled with a switch.

4.1 Define ShiftLens Surface (Step 1)
The designer first specifies the surface geometry by selecting a mo-
tion type: translation, revolve, or combined. For a revolved surface,
the designer picks a primary curve and a revolve axis, then uses a
slider to set the sweep angle (Figure 6a). For a translation surface,
the designer selects a primary curve and a translation direction; for
a combined surface, the surface first rotates and then translates to
a specified extent along the axis. Once the motion parameters are

Figure 5: Three actuation mechanism types. For each type,
the figure shows the object form, the internal mechanism,
and the combined assembly. (a) Switch: rocker toggle with
a snap mechanism for two-state switching. (b) Roller: cylin-
drical surface coupled to a gear mechanism for smooth lens
shifting. (c) Knob: compact rotational control with optional
detents for multi-state or smooth transitions.

set, the viewport displays a live preview of the resulting surface
geometry (Figure 6b).

The designer then adjusts the lens width, i.e. the pitch between
adjacent lenses, which defaults to 3 mm. For revolved and combined
surfaces, the lens width varies across the surface, so the tool com-
putes the geometry to ensure that 90% of the lens array meets or
exceeds the specified width. Additional options allow the designer
to choose which side of the surface carries the lens array, whether to
include guide rails along the edges to constrain the sliding motion,
and the thickness of the pattern layer.

4.2 Select Actuation Mechanism and Specify
Textures (Step 2)

After defining the surface and lens width, the designer can select
an actuation mechanism from a dropdown menu and then click
a location on the front of the lens to place it. Because each mech-
anism requires internal structures, the viewport displays a green
preview when the mechanism can be successfully integrated and a
red preview when it exceeds the available area (Figure 6c).

The choice of mechanism determines the number of visual states:
a switch yields two states, a knob supports up to five, and a roller
supports up to ten. The designer is then prompted to assign an
image to each state by selecting an image file. The mechanism ge-
ometry and the computed interlaced pattern layer are immediately
previewed in the viewport; the designer can also click the “Preview
State in Viewport” button next to any state to inspect how that tex-
ture appears on the surface (Figure 6d). Alternatively, the designer
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Figure 6: ShiftLens design tool workflow illustrated with a
fan-shaped door sign. (a) The user selects a rotation surface
type and picks a primary curve and revolve axis. (b) The
revolved geometry is previewed in the viewport. (c) The user
selects a switch as the actuation mechanism and places it on
the surface. (d) The user uploads images for each switch state,
and the textured result is previewed in the viewport. (e) The
simulated and fabricated results at the two switched states.

may skip the actuation mechanism entirely and manually define
up to 10 states.

4.3 Simulate, Export, and Fabricate (Step 3)
Once the states and images are defined, the designer clicks “start”
to run a simulation. The design tool optimizes the lens geometry

for the specified number of states and generates a rendered view of
the ShiftLens object at each state.

When satisfied, the designer clicks “export” to output the entire
object as a VRML file for 3D printing. The optics, pattern layer, and
actuation mechanisms are all printed in one pass on a Stratasys
J55 using VeroClear and VeroVivid CMYW materials, with WSS150
water-soluble support. Figure 6e shows the simulated preview along-
side the fabricated object at both switch states.

5 Optical Parameterization and Design
Optimization

We next define the lens geometry parameters and describe how we
identify the design that best balances viewing range and pattern
visibility for a target number of display states. We then fabricate
and photograph a set of lenses to validate that the physical results
align with our computation.

5.1 Lens Geometry Parameters
We parameterize a lens cross-section using three geometric vari-
ables: the pitch 𝑝 , the lens radius 𝑟 , and the substrate height ℎ
(Figure 7a). The pitch 𝑝 specifies the lateral spacing between adja-
cent lenses. Increasing 𝑝 allows more states to be encoded within a
single period. Given a chosen pitch 𝑝 , the system’s optical behavior
is controlled by 𝑟 and ℎ. The radius of curvature 𝑟 controls the
degree of refraction: smaller values produce more strongly curved
lenses that magnify the pattern layer image, whereas larger values
approach a flatter profile. The substrate height ℎ defines the dis-
tance between the lens and the pattern layer; increasing ℎ narrows
the viewing range but enables more discrete switching between
adjacent image segments.

For a given lens design (𝑟, ℎ), we characterize its optical be-
havior using the viewing angle 𝛼 , the pattern visibility 𝜙 (𝛼), and
the overall viewing range 𝜃 (Figure 7b). We define these terms as
follows:

• Viewing angle 𝛼 : the angle from which the observer looks
at the surface.

• Pattern visibility 𝜙 (𝛼): the fraction of the visible aperture
that shows the intended pattern (as opposed to the black oc-
clusion barrier), defined as 𝜙 (𝛼) = 𝐴pattern (𝛼)/𝐴total, where
𝐴pattern (𝛼) is the visible area of the intended pattern layer
strip and 𝐴total is the total visible aperture area.

• Viewing range 𝜃 : the half-angular range over which the
intended region of the pattern layer remains visible, defined
as 𝜃 =max{ 𝛼 ≥ 0 : 𝜙 (𝛼) > 0 }.

Figure 7c shows three representative lens designs rendered at
viewing angles 𝛼 = 0°, 10°, 20°, and 30°, with the corresponding val-
ues of 𝜙 (𝛼) labeled at each angle. The results illustrate how pattern
visibility varies with lens geometry and viewing angle: decreasing
𝑟 produces a more curved lens and increases peak pattern visibil-
ity; increasing ℎ at a fixed 𝑟 improves coverage uniformity across
viewing angles at the cost of reduced viewing range. All values are
obtained from the simulation.
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Figure 7: Lens geometry parameters. (a) Cross-section of a
lenticule with radius 𝑟 , substrate height ℎ, and pitch 𝑝. (b)
Viewing angle 𝛼 , pattern visibility 𝜙 (𝛼), and viewing range
𝜃 : at normal incidence (𝛼 = 0, left), at an intermediate angle
(0 < 𝛼 < 𝜃 , center), and at the viewing range limit (𝛼 = 𝜃 ,
right). (c) Pattern visibility at different lens designs, each
photographed at 𝛼 = 0°, 10°, 20°, 30°.

5.2 Optimization
We optimize the lens design based on the tradeoff between pattern
visibility 𝜙 (𝛼) and viewing range 𝜃 . To formalize this tradeoff, we
introduce aminimum visibility threshold 𝜙min, a user-defined
threshold that specifies the minimum acceptable pattern visibility
for a viewing angle to be considered valid. For each candidate lens
design (𝑟, ℎ), we define its effective viewing range as the largest
half-angle such that 𝜙 (𝛼) ≥ 𝜙min for all |𝛼 | ≤ 𝜃 .

The largest half-angle at which 𝜙 (𝛼) ≥ 𝜙min for all |𝛼 | ≤ 𝜃 be-
comes the objective to maximize. A higher 𝜙min demands that a
larger fraction of the aperture shows the intended strip at every
angle, which constrains the design space and reduces the achiev-
able viewing range. Lowering 𝜙min tolerates more partial occlusion,
allowing a wider viewing range at the cost of reduced image fidelity.

To evaluate candidate designs, we perform ray tracing for each
(𝑟, ℎ) pair using 64 rays per viewing angle. We sample 𝑟 linearly
over 50 values from 𝑝/2 to 15𝑝 and ℎ linearly over 50 values from 0
to 2𝑝 , yielding 2,500 candidate lens geometries. For each candidate,
we compute 𝜙 (𝛼) for viewing angles from 0◦ to 90◦, and select the
design (𝑟 ∗, ℎ∗) that maximizes the largest half-angle over which
coverage remains at or above the threshold:

(𝑟 ∗, ℎ∗) = arg max
(𝑟,ℎ) ∈G

max
{
𝛼 ≥ 0 : 𝜙 (𝛽 ; 𝑟, ℎ) ≥ 𝜙min ∀ 𝛽 ∈ [0, 𝛼]

}

Figure 8: Lens design optimization. (a) Optimal lens design
for 𝑁 = 3 at four different cutoffs (𝜙min = 0.1, 0.5, 0.7, 0.9), each
shown with its 𝜙 (𝛼) curve and cross-section silhouette; our
system (𝜙min = 0.7) is highlighted. (b) Selected optimal 𝜙 (𝛼)
curves for 𝑁 = 2 to 10; dashed line marks 𝜙min = 0.7 and
curves shift leftward as 𝑁 increases. (c) Resulting lens cross-
sections for 𝑁 = 2–10, each labeled with 𝑟 , ℎ, and 𝜃 .

As an example, Figure 8a shows the optimal lens design for a
three-state display (𝑁 = 3) under four different thresholds (𝜙min =

0.1, 0.5, 0.7, 0.9). Increasing the threshold shifts the optimal design
toward a more curved lens with a higher substrate height, yield-
ing greater pattern visibility but a substantially narrower viewing
range.

While different applications may call for different threshold
values, the samples in this paper use 𝜙min = 0.7, which empiri-
cally yields a good balance between pattern visibility and viewing
range. Figure 8b shows the selected optimal 𝜙 (𝛼) curve for each
𝑁 = 2, . . . , 10, and Figure 8c shows the resulting lens cross-sections,
each labeled with its optimal 𝑟 , ℎ, and viewing range 𝜃 .

5.3 Physical Validation Results
Apart from the optical tradeoffs discussed above, the number of
display states 𝑁 is independently bounded by the fabrication reso-
lution of the pattern layer. Because each state occupies one strip of
width 𝑝/𝑁 , and our process cannot reliably print features smaller
than 200 µm, we require that 𝑁 ≤ 𝑝 / 200 𝜇m. In principle, in-
creasing 𝑝 allows more states to be encoded, but in practice, larger
pitches make the lens array visibly coarse. A 5 mm pitch satisfies
this constraint for all 𝑁 up to 25 while remaining perceptually



UIST ’26, November 02–05, 2026, Detroit, MI, USA Yunyi Zhu, Dingning Cao, Jeremy Mrzyglocki, Stefanie Mueller, and Narjes Pourjafarian

Figure 9: Fabricated lens geometries for 𝑁 = 2 to 10 display
states. Each column is one value of 𝑁 ; rows show (top to
bottom): lens cross-section profiles, photographs at normal
incidence (𝛼 = 0), photographs at the 𝜙min = 0.7 threshold
angle, and photographs at the 𝜙 = 0.1 cutoff angle.

unobtrusive, making it a practical choice for covering the full range
of state counts we consider.

To validate that the fabricated geometries match the simulation,
we 3D printed the optimal lens design for each 𝑁 from 2 to 10 at a
5 mm pitch. Figure 9 shows the fabricated lenses in four rows: cross-
section profiles, photographs from directly above the lens (𝛼 = 0),
at the 𝜙min = 0.7 threshold angle, and at the 𝜙 (𝛼) = 0.1 cutoff angle.
At normal incidence, all designs from 𝑁 = 2 to 𝑁 = 10 produce
clear, legible patterns, confirming agreement with the simulation
across the full range of state counts. While in theory only 70% of the
pattern is visible at 𝜙 (𝛼) = 0.7, slight surface imperfections in the
fabricated lenses introduce surface diffusion, causing the partially
occluded pattern to remain visible — albeit dimmer. Across different
numbers of states, high-𝑁 lenses exhibit pattern disappearance at
smaller viewing angles, confirming their narrower viewing range.

Figure 10: Object pattern visibility on a curved surface. (a)
𝜙𝑜 on the evaluation cylinder for optimal lens designs at
𝜙min = 0.1–0.9 and 𝑁 = 2–10; the dashed line marks the 0.10
floor, where only the central lens still shows the pattern.
(b) Ray-traced front views for 𝜙min = 0.7 (our system) and
𝜙min = 0.1, each labeled with its 𝜙𝑜 : higher thresholds yield
brighter but center-weighted patterns at high 𝑁 , whereas
lower thresholds distribute dimmer visibility across the sur-
face.

5.4 Object Pattern Visibility on Curved Surfaces
On curved surfaces lenses at different positions face the viewer
at different local angles. To quantify this effect, we introduce the
object pattern visibility 𝜙𝑜 (𝜃 ), defined as the average per-lens
pattern visibility across all visible lenses, weighted by their visi-
ble areas. We evaluated this metric on a representative revolution
cylinder of 50 mm diameter, with 15 front-visible lenses at a pitch
of 𝑝 = 5 mm. Figure 10a plots 𝜙𝑜 across 𝜙min = 0.1–0.9 and 𝑁 = 2–
10. However, lowering 𝜙min can distribute visibility across more
peripheral lenses, but at the cost of lower local pattern coverage
and image fidelity. Figure 10b shows with ray-traced front views
of the evaluation cylinder. higher thresholds produce brighter but
increasingly center-weighted patterns, whereas lower thresholds
spread dimmer visibility across the full surface.

6 Applications
To showcase the range of surfaces and actuation methods ShiftLens
supports, we fabricated six application examples spanning three use
cases: objects that passively expose their own mechanical state, sur-
faces that encode motion as expressive animation, and electronics-
free displays that support signage and interaction.

Figure 11: A chemical bottle with an embedded ShiftLens
structure. The cap’s outer rim pushes the lens layer: a loose
cap reveals a hazard warning symbol (left), while a fully
tightened cap shifts the lens to display a checkmark (right).

6.1 Passive State Indicators
Some objects already have ameaningful binary state, such aswhether
a bottle cap is tightened or a pen tip is extended, but offer no visual
feedback about that state. ShiftLens can turn the object’s own sur-
face into a passive readout, revealing the current state without any
added electronics. We illustrate this with two examples: a chemical
storage bottle and a click pen.

In a chemical storage room, an improperly sealed bottle can pose
a safety hazard, and a slightly loose cap is difficult to detect at a
glance. Figure 11 shows a chemical bottle whose ShiftLens structure
is embedded in the bottle body so that the cap acts directly on the
lens layer. As the cap is tightened, its outer rim pushes the lens layer,
producing a translation shift relative to the pattern layer beneath.
When the cap is fully tightened, the surface displays a checkmark;
when the cap is loose, it reveals a hazard warning symbol instead.
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Figure 12: A click penwith a ShiftLens structure spanning the
barrel. Extending the tip (left) shifts the lens layer to display
one pattern; retracting the tip (right) returns the layers to
their default alignment and reveals the alternate pattern.

Figure 12 shows a click pen that uses a similar mechanism to
reflect its own on/off state. The lens layer is attached to the press
button, while the pattern layer is fixed to the pen body. When the
tip is extended for writing, the relative displacement between the
two layers produces one pattern on the barrel surface; when the
tip is retracted, the layers realign to display a different pattern.
The visual state is thus coupled directly to the click mechanism.
Both examples use a translational ShiftLens surface and require no
actuation mechanism.

Figure 13: A fan-shaped door sign with an embedded
ShiftLens structure. Flipping the switch shifts the lens layer
to display either “Please Come In” (left) or “Meeting in
Progress” (right), providing a passive, electronics-free sta-
tus indicator.

6.2 Electronic-free Display and Interaction
ShiftLens can present changing visual information without electron-
ics, making it suitable for settings where embedded digital displays
are impractical, such as outdoors, in wet environments, or in places
without power. We illustrate this with two examples: a switchable
door sign and an interactive tic-tac-toe game.

Figure 13 shows a fan-shaped door sign that uses a ShiftLens
switch to toggle between “Meeting in Progress” and “Please Come
In,” giving passersby an electronics-free status indication. The sur-
face is generated by revolving a straight line along a central axis,

and uses a switch actuation mechanism to change the visible mes-
sage.

Figure 14 shows a tic-tac-toe board that demonstrates interactive
use. Each cell on the board contains a ShiftLens structure controlled
by a knob. Players take turns rotating the knob on their chosen
cell to cycle through and select their symbol. The board’s surface is
generated by translating a straight line paired with a knob actuation
mechanism.

Figure 14: An interactive tic-tac-toe board in which each cell
contains a ShiftLens structure driven by a knob. Rotating the
knob on a cell allows each plate to display a circle, a cross,
or nothing, enabling gameplay without any electronics or
power source.

6.3 Enabling Animation on Object Surfaces
ShiftLens can also turn physical motion into a continuous visual
animation, making the surface itself expressive rather than merely
informative. We illustrate this with two applications: a lipstick tube
and a candle lampshade.

Figure 15 shows a lipstick tube that uses a roller actuation mech-
anism so that as the user rotates the barrel to extend or retract the
product, the outer surface simultaneously shifts through a color
gradient. The motion the user already performs becomes part of the
visual experience. The surface is generated by revolving a sine wave
around an axis, yielding a cyclically varying pattern that responds
directly to barrel rotation.

Figure 15: A lipstick tube with a ShiftLens structure driven by
a roller mechanism. Rotating the barrel to extend or retract
the product shifts the lens layer along the sine-wave surface,
cycling the outer casing through a continuous color gradient.

Figure 16 shows a candle lampshade whose ShiftLens structure
produces a fire-like animation on the shade surface. The surface
is a combined rotating and translating surface that rotates and
translates along the lampshade’s central axis and is actuated by a
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roller mechanism. As the user turns the roller, the layered pattern
cycles through flame-like imagery, giving the shade a dynamic,
flickering appearance without any electronics.

Figure 16: A candle lampshade with a ShiftLens structure
driven by a roller mechanism. Turning the roller shifts the
combined surface, creating a flame-like animation on its
outer surface.

7 Discussion, Limitations, and Future Work
Design Guidelines. Based on our technical evaluation and

design exploration, we derive four guidelines for designing with
ShiftLens. First, for pitch𝑝 , 3–5mm is generally suitable for handheld-
scale objects, providing sufficient print quality while maintaining
visual resolution. Second, for lens geometry, smaller 𝑟 increases
peak pattern visibility but narrows the viewing cone, while larger ℎ
improves visibility uniformity across lenses at the cost of a reduced
viewing range; in our examples, the default 𝜙min = 0.7 provides a
good balance and should be lowered only when wider viewing an-
gles are needed. More generally, 𝜙min is not a universal perceptual
constant but a design threshold that trades local pattern cover-
age against viewing range, and should be selected jointly with
the number of states 𝑁 , the surface curvature, and the application
needs (Section 5.4): low-𝑁 , high-visibility settings are preferable for
safety and status indicators, whereas higher-𝑁 or lower-threshold
settings are better suited to animation or decorative transitions
where partial, center-weighted visibility is acceptable. Third, the
same overall form can often be constructed from different com-
patible motion families, which, in turn, determine the direction of
relative movement and the resulting interaction. For example, a
cone can be realized by translating a closed curve (e.g., a pen and
a bottle), revolving an open curve (e.g., a lipstick), or combining
rotation and translation (e.g., a candle lampshade). Finally, for ac-
tuation, designers should couple ShiftLens to native object motion
when available to avoid additional hardware; otherwise, a switch is
best suited for two-state displays, a roller for smooth animations,
and a knob for multi-state selection.

Effect of Surface Curvature on Viewing Range. Our system
optimizes viewing from directly above each lens, which means
surface geometry affects the consistency of viewing angles across
the lens array. For translational surfaces, where the surface sweeps
along a straight path, all lenses face the same direction, and thus the
effective viewing range is uniform across the entire surface, and the
optimization results apply directly. For revolution and combined

surfaces, however, the surface curves around an axis and lenses at
different angular positions face the viewer more or less obliquely;
lenses at the most oblique positions experience a reduced effective
viewing range not captured by the flat-surface optimization. Our
object pattern visibility analysis (Section 5.4) quantifies this effect.
Designers working with such curved surfaces could adjust the lens
geometry by selecting a lower 𝜙𝑚𝑖𝑛 to achieve a larger viewing
range, especially at a larger number of states, at the cost of lower
local pattern coverage.

Mechanical Robustness. To assess the durability of the actua-
tion mechanisms, we fabricated a 50 mm × 50 mm specimen with
a 3 mm lens width, a 5 mm backplane thickness, and a 3 mm rail
thickness for each mechanism. Each mechanism was actuated 200
times, where each cycle produced one state change for the switch
and the knob, and one full roll for the roller. We observed no visible
damage from intended use. For robust interaction, we recommend
keeping the rail and backplane at or above these tested thicknesses,
and relying on mechanically bounded travel, such as the switch’s
end positions and the knob’s detents, to prevent over-extension
during repeated use.

Inverse Computation of Surface Geometry. The current
ShiftLens system supports forward generation: given the primary
curve andmovement parameters, it produces the lens geometry, sur-
face patterns, and actuation mechanisms. While this pipeline covers
the primary design workflow, supporting inverse generation would
open up more design freedom and better leverage existing surface
mappings. In future work, we plan to support inverse computation
by allowing users to specify a target mesh, and letting the system
find the closest compatible surface for shifting and candidate lens
designs that produce the desired shift behavior.

Combined Movement Direction. The current ShiftLens sys-
tem supports shifting along a single direction. While this covers
the primary use cases demonstrated in this work, such interaction
can be extended to support shifting in multiple directions along a
2D surface. This could be achieved by extending the occlusion ge-
ometry to encode parallax along two independent axes and pairing
it with a 2D input widget, such as a joystick, to control movement
in both directions.

8 Conclusion
We presented ShiftLens, a design and fabrication system for creating
3D objects with mechanically switchable surface appearances with-
out electronics. By combining a lenticular lens layer with a pattern
layer, ShiftLens enables discrete, high-resolution visual state transi-
tions through small, controlled mechanical shifts. We presented the
full pipeline, from the optomechanical surface structure and geo-
metric analysis of compatible curved forms, to actuationmechanism
designs and a computational tool for single-pass multi-material fab-
rication. ShiftLens opens new possibilities for encoding interactivity
into physical objects: everyday items that convey safety status, an-
imate in response to use, or support screen-free interaction, all
fabricated as a single passive print.
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