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Fig. 1. Inspired by troposkeins', MorphSkein is an afterimage display performing axisymmetric (360°-visible) shape transformations while maintaining pixel
density: it combines a spinning base, a telescopic pole, and LED strip rewinders to generate troposkein-based afterimages, dynamically adjusting pixel
resolution to match the displayed surface. Our technique enables control over the form, scale, transparency, and superimposition of axisymmetric displays.

Shape-changing displays typically lose pixel density as surface area expands,
limiting their usability. We introduce MorphSkein, a shape-changing after-
image display that preserves initial density (1.44 px/cm?®) across naturally
occurring axisymmetric shapes generated by spinning cables (troposkeins).
The system uses a telescopic pole and four LED-strip rewinders on a rotating
base. As the strips spin, centrifugal force forms troposkeins, and persis-
tence of vision creates 360°-visible displays, while adjusting pole height and
strip lengths changes their shape. As surface area grows, pixel density is
preserved vertically by releasing new rows from the rewinders and hori-
zontally by rendering extra columns per revolution with the strips. This
keeps comparable density along the central horizontal line of the display,
with naturally higher density toward the top and bottom where the tro-
poskein curves inward. Because the technique relies on a mathematical
model assuming ideal troposkein geometry, angular velocity becomes criti-
cal: incorrect speeds degrade pixel density accuracy, axisymmetric shape
fidelity, or both. Interpolation of experimental data shows that 69.44% of
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reachable troposkein configurations achieve >90% density accuracy and
shape fidelity for at least one operating speed. Remaining cases degrade
due to insufficient motor speed or limited MCU speed and LED refresh rate.
Limitations and improvements are discussed.
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1 Introduction

Axisymmetric shapes are symmetric around an axis and enable 360°-
visible displays that communicate information to all surrounding
users. Such displays appear in various forms (e.g., cone [3CINN-
ODisplay 2024], sphere [Machida 2002], cylinder [Yendo et al. 2005])
at different scales (e.g., hand [Priyadarshana et al. 2016], desk [Miya-
fuji et al. 2017], room [Machida 2002]). However, fixed geometry
limits their versatility across applications and scales. First, each form
induces application-specific distortions, such as spherical mapping
for planet textures [Machida 2002] or cylindrical mapping for avatar
bodies [Bolton et al. 2012]. Second, small systems [Miyafuji et al.
2017; Priyadarshana et al. 2016] cannot present large-scale content,
while large systems [Bolton et al. 2012; Machida 2002; Yendo et al.
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2005] are too bulky for compact spaces despite supporting small
images.

Shape-changing axisymmetric displays address these limita-
tions, using approaches like projection mapping on inflatable bal-
loons [Toyohara et al. 2018] or LEDs embedded in expandable ring
stacks [Daniel and Riviere 2021; Daniel et al. 2019; Lakatods 2012],
allowing dynamic adaptation to different forms and scales. How-
ever, existing shape-changing systems have static pixel resolution
and cannot maintain density as their surface area grows—pixels en-
large like balloons or spread along expanding rings. This causes two
main issues: first, enlarged or spaced pixels reduce clarity and sharp-
ness, making text, charts, and images harder to read and increasing
user effort and fatigue [Legge et al. 1985; Ndsidnen and Ojanpad
2003]. Second, without adding pixels, larger displays cannot show
more content or higher resolution, limiting their usefulness com-
pared to multiple static displays. Preserving pixel density during
transformations is therefore essential for usability.

Inspired by troposkeins', we introduce MorphSkein—a shape-
changing axisymmetric display that preserves pixel density across
varying surface areas via dynamic pixel resolution (Figure 1, left).
Unlike prior systems using LED embedding or projection mapping,
our prototype leverages afterimage rendering to maintain density
across naturally forming axisymmetric shapes traced by a spun cable
(troposkeins). The system enables control over the form, scale, trans-
parency, and superimposition of axisymmetric displays (Figure 1,
right). It consists of a telescopic pole and four LED strip rewinders
mounted on a spinning base (Figure 1, center). As the strips spin,
centrifugal force forms troposkeins, and persistence of vision creates
360°-visible displays. Shape control uses two parameters: the tele-
scopic pole adjusts the height of all troposkeins, while each rewinder
sets individual lengths. A density of 1.44 px/cm is preserved ver-
tically by releasing new 7 mm-pitch rows from the rewinders for
longer troposkeins, while horizontally additional columns are ren-
dered per revolution for wider troposkeins to maintain a 7 mm pitch
along the central horizontal line. Away from this line, the troposkein
curves inward toward the top and bottom, reducing horizontal pixel
pitch below 7 mm and increasing density beyond 1.44 px/cm.

Because the technique relies on a mathematical model assum-
ing ideal troposkein geometry, angular velocity becomes critical to
maintain pixel density and shape fidelity. We describe the system
and evaluate how angular speed affects these metrics. The system
supports 16985 display configurations spanning troposkein lengths
of 21.7-75.6 cm and heights of 20-50 cm (radii 13.4-44.4 cm). In-
terpolation from 18 measured configurations shows that 69.44% of
all configurations achieve >90% accuracy on both metrics for at
least one speed within 150-330 RPM (10-22 Hz refresh rate). These
high-performance configurations are concentrated primarily within
radii of 21-42.2 cm (68.39% of the range). At smaller radii, shape
fidelity degrades due to insufficient motor speed, while at larger
radii, pixel density degrades due to insufficient MCU speed and
LED refresh rate. Finally, we discuss limitations (user safety and
physical interaction, shape variety and stability) and opportunities

1A troposkein (derived from the Greek; literally, "turning rope") is the shape assumed
by a flexible object such as a cable or rope resulting from centrifugal forces when the
cable is swung about an axis through its ends.
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for improvement (pixel density, frame rate, image size, color depth,
pixel alignment, display aperture, and noise).

2 Related Work

Shape-Changing Interfaces (SCIs) [Alexander et al. 2018; Ishii et al.
2012; Strohmeier et al. 2016] are interactive systems that physically
transform in response to user inputs or system events, enabling
new ways to convey information, reconfigure interfaces, and aug-
ment users. As users are accustomed to the high visual fidelity of
modern displays, similar expectations extend to shape-changing
displays [Alexander et al. 2018]. However, maintaining high pixel
density during shape transformation remains challenging: expand-
ing surfaces require additional pixels, and without preserving den-
sity, visual quality degrades at larger scales, reducing usability. In
the following, we focus on literature related to preserving pixel
density in shape-changing axisymmetric displays. Additionally, we
discuss prior work on volumetric displays, to which MorphSkein
contributes by enabling adjustable view-volume boundaries.

2.1 Using Afterimage Rendering For Preserving Pixel
Density Amidst Axisymmetric Shape Transformations

Traditional axisymmetric displays primarily rely on embedded
LEDs [Machida 2002; Priyadarshana et al. 2016] or projection map-
ping [Li et al. 2019; Miyafuji et al. 2017] to render 360-degree images
on static axisymmetric shapes. These techniques also underpin
shape-changing variants, including projection mapping on inflat-
able balloons [Toyohara et al. 2018], embedding LEDs in expandable
ring stacks [Daniel and Riviere 2021; Daniel et al. 2019; Lakatods
2012]. However, these systems struggle to maintain pixel density
during shape transformation because they have static pixel reso-
lution: as the surface area increases, pixels enlarge on inflating
balloons, while pixels spread apart as ring perimeters expand. Pixel
density therefore decreases with increasing surface area. A third
technique, afterimage rendering [Yamada et al. 2017; Yendo et al.
2005], is widely known for static axisymmetric displays but has not
yet been explored in shape-changing contexts. Afterimage displays
rapidly rotate LED arrays around an axis, sequentially emitting
pixel columns that integrate perceptually through Persistence of
Vision (PoV) [Di Lollo et al. 1988]. To appear continuous, each pixel
column must be refreshed at least 16 times per second, following
the flicker-fusion threshold [Davis 1955]. Unlike embedded LEDs
or projection mapping, afterimage rendering inherently supports
dynamic horizontal pixel resolution: the number of pixel columns
displayed per revolution can vary. We leverage this capability to
develop a shape-changing axisymmetric display that adapts its pixel
resolution as its surface area changes.

2.2 Enabling Adjustable View-Volume Boundaries in
Volumetric Displays

Volumetric displays dynamically fill a 3D space with voxels visible
from any angle without special eyewear. Existing systems operate
within fixed view-volume boundaries [Hirayama et al. 2019; Ochiai
et al. 2016; Sullivan 2002; Wu et al. 2010; Yendo et al. 2010; Yoshida
2016]. MorphSkein can be regarded as volumetric display with ad-
justable view-volume boundaries. It belongs to the rotationally swept
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Table 1. Comparison of the MorphSkein system with prior systems in terms of axisymmetric shape domain and degrees of freedom, as well as pixel refresh
rate and density. (*) denotes values not explicitly reported in the original publications but estimated from available information. (>) indicates a minimum pixel
density, reflecting non-uniform distribution across the surface.

Shape Pixel
System Domain Degrees of freedom Refresh | Density
CairnFORM cylinder — local cylindrical | 10 expandable rings 400 Hz" h: 0.21 — 0.12 px/cm (-43%)*
[Daniel et al. 2019] deformations (local widths, @35 — 62 cm) v: 0.12 px/cm*
Balloonygen disk — global spherical de- | 1 inflatable balloon 120 Hz* h: 108 — >11.4 px/cm (-89%)*
[Toyohara et al. 2018] | formations (global width and height, 310 — 30 cm®) v: 108 — >11.4 px/cm (-89%)*
MorphSkein cylinder — global layered | 4 strip rewinders 10-22Hz | h: >1.44 — >1.44 px/cm
troposkein deformations (global layer widths, ©26.4 — 88.8 cm) v: 1.44 — 1.44 px/cm
1 telescopic pole
(global height, 20 — 50 cm)

volume systems category [Hahn et al. 2023], which typically rotate
an LED panel to generate concentric cylinder-shaped layers of vox-
els within a fixed volume [Wu et al. 2010]. In contrast, MorphSkein
rotates multiple flexible LED strips of varying lengths, forming con-
centric troposkein-shaped layers of voxels within a view volume
with adjustable boundaries. The spacing between all layers can be
modified by actuating the telescopic pole and LED strip rewinders.
This enables the device to adjust its view-volume dimensions to
suit different installation contexts and supports attention-grabbing
applications (Figure 6).

3 MorphSkein System

MorphSkein is a system that facilitates axisymmetric shape-change
without losing pixel density in the process. See Table 1 for compari-
son with prior work in terms of axisymmetric shape transformation
and pixel density preservation capabilities. Our system comprises
a telescopic pole and four LED strip rewinders mounted on a spin-
ning base. As the LED strips spin around the pole, centrifugal force
shapes them into troposkeins. This results in the user perceiving
the surface of an axisymmetric display because of the persistence
of vision. The system controls three key parameters (Figure 2):

v : the angular velocity (RPM) of all four troposkeins via the spin-

ning base;

h : the height (mm) of all troposkeins via the telescopic pole;

I = (L, 15,15, 14) : the lengths (mm) of the four troposkeins, with

each [; independently set by its corresponding LED strip rewinder.
The frame rate f (FPS) of an axisymmetric display rendered by
MorphSkein is

£=(oxn)/60 )

where n is the number of LED strips used to render the afterimage
of the same display shape. Increasing the rotational speed v or the
number of strips n raises the frame rate. For example, four strips at
150 RPM yield 10 FPS, while at 360 RPM they reach 24 FPS. Similarly,
one strip at 360 RPM produces 6 FPS, while four strips reach 24 FPS.

3.1 Display Transformation Capabilities

The MorphSkein system enables a fourfold design space for shape-
changing axisymmetric displays (Figure 1): form change, where

adjusting strip lengths while fixing pole height alters the form;
scale change, where proportional adjustments of pole height and
strip lengths change the scale; shape transparency, achieved by
selectively rendering pixels for partial or full transparency; and
shape superimposition, where combining different strip lengths
creates layered displays. See Figure 6 for example applications.

3.2 Hardware Implementation

Figure 7 provides a visual representation and detailed descrip-
tion of the key components comprising the MorphSkein sys-
tem. The spinning base supports 330 angular speeds (v €
{1,2,...,330} RPM), the telescopic pole offers 301 pole heights (h €
{200, 201, 202, .. ., 500} mm), and each LED strip rewinder enables
78 strip lengths in 7mm increments (I € {217, 224, 231,...,756} mm).
Combining h and [ yields 16985 unique troposkeins, with [ — h >
14 mm enforcing a two-LED offset to prevent strip damage from
excessive bending.

3.3 Maintaining Pixel Density Throughout Axisymmetric
Shape-Change

As the MorphSkein system undergoes axisymmetric shape-change, a

vertical pixel density of 1.44 px/cm is maintained in hardware: as the

display’s vertical surface area increases, the rewinder extends the

LED strip, releasing pixel rows at a fixed 7 mm pitch. The vertical

pixel resolution (number of pixel rows) is therefore computed as:

p=7 resy=I/p 2)

where p is the constant LED-strip pitch (mm) and res, is the vertical
pixel resolution.

In comparison, a minimum horizontal pixel density of 1.44 px/cm
is enforced in software: as surface area increases, additional pixel
columns (7 mm spacing along the central horizontal line) are ren-
dered to match the display perimeter, with pixel density naturally
increasing toward the top and bottom where the troposkein curves
inward. The display perimeter is computed from the troposkein
geometry (see Figure 2) as follows:

Woffset = 94.5 1 =w+worpser P =27 3)
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Fig. 2. MorphSkein system parameters: Constant parameters (black) in-
clude the 7 mm pixel pitch (p) and the 94.5 mm troposkein offset (W fser)
from the rotational axis. Actionable parameters (orange) include angular
speed (v), pole height (h), and strip length (). Estimated parameters (blue),
derived from both constant and actionable values, include the troposkein
width (w), display radius (r), and display perimeter (P).

where w, rfse; is the fixed troposkein offset from the rotational axis
(mm), w is the troposkein width, and r and P are the radius and
perimeter of the display (mm). The horizontal pixel resolution
(number of pixel columns per revolution) required to maintain a
minimum horizontal pitch of 7 mm is then:

res, =P/p T=6x10"/0 4)

where resy, is the horizontal pixel resolution and T is the duration
of a single revolution, expressed in time units (ns).

3.3.1 Troposkein Model. Equation 3 cannot be evaluated without
first determining w, the width of the troposkein. To obtain this
quantity, we use a mathematical model [Banks 2013] based on the
complete elliptic integrals of the first and second kinds, K(m) and
E(m), and the incomplete elliptic integral of the first kind, F(¢, m),
where m is the elliptic-integral parameter and ¢ is the amplitude:

w/
K(m) =/ ’ [1 - msin(t)z]_l/2 dt
0
7/
E(m) =/ ’ [l - msin(t)z]l/2 dt ()
0

¢
F(¢, m) =/0 [l - msin(t)z]_l/2 dt

The 2D curve of a troposkein is described as

F
ngx[l— I(;?mn)l) y=wXsing (6)
and the troposkein width and the strip length are given as:
2 E
w m I=hx (m) )

=X TR (= m?) K(m)
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3.3.2  Numerical Estimation and Pixel Resolution Mapping. For each
of the 16985 troposkeins reachable by our prototype (Section 3.2), we
used a numerical solver to estimate the elliptic-integral parameter
m for the target strip length [, given the pole height h. The solver
defines a loss function that measures the absolute difference between
the target strip length and the one predicted by Equation 7-right:

#2 m — 1)| (8)
(1—m?) K(m)
Elliptic integrals are computed via Carlson’s duplication al-
gorithm [Carlson 1979] to a precision of 107!, and Brent’s
method [Brent 1973] is then used to minimize the loss over m € (0, 1)
with a tolerance of 1077. The resulting parameter is substituted into
Equation 7-left to compute the corresponding troposkein width.
Using Equations 2 and 4, we then calculate the pixel resolution to
construct the lookup table

R:(hi, ;) — (respiresy) | i=1,...,16985 ()

loss(m;h,1) = |l — (h X

mapping each reachable (h;, [;) pair to its corresponding pixel res-
olution (resp;, resy;). The lookup table is then embedded in the
ESP32 source code, saving computation time that can instead be
used to render additional pixel columns per revolution.

3.3.3  Software Implementation. At time ¢, with a 2D RGB input
image I : (x,y) — (r,g,b), Algorithm 1 describes the infinite loop
the ESP32 uses to render afterimages with one or more LED strips.

Algorithm 1 afterimage rendering using one or more LED strips

Require: ¢t > current time (ns)
T > revolution duration (ns)
h > pole height (mm)
I=(,.... 1) > length of each active LED strip (mm)

R:(h 1) — (respresy)
I:(x,y) > (r.9.b)
x' = (x],...,xp)

> pixel resolution lookup table
> input 2D RGB image
> last rendered column for each strip

1: while true do

2. fori=1tolen(l) do

3 (resp,resy) < R(h,1;) > Get display pixel resolution
4 inoy < t/T » Compute normalized time (global phase)
5: inoy < iflen(l) » Compute strip’s relative phase offset
6 ¢ — (invr + invy) mod 1 > Compute phase in [0, 1)
7 x « floor(¢ X resp) > Get current image column
8 if x # x| then

9 for y = 1to res, do

10: set color of the y™ LED to I(x,y)

11: end for

12: xlf — x

13: end if

14:  end for
15: end while

3.3.4 Model Limitations. Importantly, the model we employed de-
scribes the 2D curve of a troposkein and ignores the effects of the
following factors on the LED strips: angular speed, gravity, third
dimension, aerodynamic drag, tension, and material properties. Re-
cent studies have introduced advanced models that analyze the 3D
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3. Masked frames

1. Captured frames 2. Corrected frames
Correcting distortion, Extracting, normalizing, and

orientation, and scale
using ArUco markers

thresholding the red
histogram

o >

5. Extracted curves
Clipping each side and
extracting contours

4. Reconstructed shape
Joining, blurring, and closing
all masked frames

Fig. 3. Image processing sequence performed on individual LED strips for each trial.

curve of a troposkein while considering one or more of these fac-
tors [Aristoff and Stone 2012; Yong 2006]. However, these models
are designed for regular ropes and do not apply to flexible LED
strips (i.e., irregular ropes made of various materials with different
rigidity and density).

4 Technical Evaluation

Angular speed is crucial for the MorphSkein system as it gener-
ates the centrifugal force required to shape the LED strip into a
troposkein, following Newton’s laws. However, our mathematical
model cannot compute the required angular speed based on pole
height and strip length (see 3.3.4 Model Limitations). This creates
challenges for two key aspects of Axisymmetric Shape Fidelity:

e Axisymmetric Shape Accuracy: Insufficient angular speed pro-
duces too little centrifugal force to form the expected troposkein,
resulting in irregular curvature (bumps along the strip remain
unsmoothed) and an axisymmetric, mushroomhead-like shape
(gravity pulls the strip downward).

e Axisymmetric Shape Stability: Insufficient angular speed also
prevents all LED strips from forming the same troposkein. Vari-
ations in curvature between strips can produce a visual wobble
when multiple strips contribute to the same display (each strip
render the same pixel at slightly different 3D positions).

Angular speed also impacts two components of Pixel Density
Accuracy:

e Pixel Pitch Accuracy: Insufficient angular speed causes the
display perimeter to be overestimated, yielding a pixel pitch along
the central horizontal line of the display below 7 mm (gravity
pulls the LED strip down, reducing the actual troposkein width
compared to the computed value).

o Pixel Resolution Integrity: Excessive angular speed can pre-
vent all pixel columns from being rendered within a single revo-
lution, leading to skipped columns and a reduction in horizontal
pixel resolution (fewer pixel columns per revolution than ex-
pected due to hardware speed limitations).

We conducted a technical evaluation to assess the impact of
angular speed on the pixel density and the shape fidelity of the
MorphSkein system.

4.1 Factors

We considered the following target values for the key parameters
during the technical evaluation:

o Usest € {150, 180, 210, 240, 270, 300, 330} RPM: Seven different an-
gular speeds corresponding to a framerate from 10 Hz to 22 Hz
in 2 Hz steps for a display generated using all four LED strips.

® hyesr € {200, 300,400,500} mm: Four different pole heights repre-
senting a scale factor from 1 to 2.5 in 0.5 steps.

o et € {217,322,434,539, 651,756} mm: Six different strip lengths
representing a scale factor from 1 to 3.5 in 0.5 steps.

Valid (hyest, lrest) pairs with lies; > hyes: yield eighteen distinct
display radii (rses¢)-

4.2 Measurements
For each (hsest, lest) pair, we computed:

o Expected curve: Solved Equation 6 to estimate the 2D troposkein
curve.

o Expected horizontal pixel pitch: Set at 7 mm for all troposkeins
along the central horizontal line of the display.

o Expected horizontal pixel resolution: Solved Equation 7 to estimate
troposkein width, then determined pixel columns per revolution
using Equations 3 and 4.

For each vyes; condition of each (Asest, lzest) pair, we recorded a video
with one LED strip illuminated in red. From the video, we derived:

e Observed curve: Extracted the 2D troposkein curve via image
processing (see Figure 3).

o Observed horizontal pixel pitch: Estimated along the central hor-
izontal line of the display using the observed curve width and
solving Equations 3 and 4.

o Observed horizontal pixel resolution: Logged using Algorithm 1
(line 8), if x — x; = 1 no columns are skipped; if x — x] > 1 then
x — x; — 1 columns are skipped between consecutive renders.

4.3 Variables

Using the previous measurements, we computed the following re-
sponse variables for each strip in each trial:

e Axisymmetric Shape Accuracy: Percentage of observed curve
area matching the expected curve area. We compute the area un-
der each curve up to the vertical reference line at wg; using the

ACM Trans. Graph., Vol. 45, No. 4, Article 40. Publication date: July 2026.



40:6 « Maxime Daniel, Shariff AM Faleel, and Pourang Irani

algorithm described in [Jekel et al. 2019]. The matching percent-
Agi
the observed and expected curves of a strip, and Agps and Ay
are the areas under the observed and expected curves of the strip,
respectively, computed up to wogr.

e Axisymmetric Shape Stability: Percentage of observed curve
area shared among all four LED strips, computed pairwise.
The matching percentage between strips i and j is defined as
1- ﬁ% where Agy;; denotes the area between the
observed curves of strips i and j, and Agps; and Agps; are the
areas under the observed curves of strips i and j, respectively,
computed up to the vertical reference line at woger.

o Pixel Pitch Accuracy: Percentage of observed horizontal pixel
pitch over the expected horizontal pixel pitch.

e Pixel Resolution Integrity: Percentage of observed horizontal

pixel resolution over the expected horizontal pixel resolution.

age is defined as 1 — where Ayjpis the area between

4.4 Apparatus and Procedure

Figure 4 shows the setup for the MorphSkein system’s technical
evaluation. A Samsung Galaxy A51 was placed 30 cm above the
ground, 250 cm from the system’s center, in a dark room. ArUco
markers were attached to each side of the system, illuminated by a
spotlight for visibility, aiding image processing to correct frame scale
and orientation. For each (Asest, lest) pair, the following steps were
performed: (1) Reset — the system stops the spinning base, retracts
the pole to 200 mm and pulls all strips to 217 mm. (2) Initialization
— the system spins the base to 150 RPM, pushes all strips to lres:
and extends the pole to hyes;. (3) Trials — for each v;es,, the system
adjusts the base speed and turns off all strips. One by one, each strip
is lit in red for 1 second, followed by 500 milliseconds off.

MorphSkein system
250cm away from camera

ArUco markers
Facing camera

[Underllight®

Ad-Hoc Backlight el =
Camera Phone Point-of-View

Facing markers

=)

In the dark

Camera Phone Holder
30cm above the ground

Fig. 4. Apparatus for the technical evaluation of the MorphSkein system.

45 Results

Figure 8-top shows the aggregate mean of each variable with respect
to angular speed and display radius, along with the corresponding
pole height and strip length. Figure 8-right presents the linear re-
gressions and Pearson correlations for each variable. Because pole
height must exceed strip length, the height and length datasets have
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uneven sample sizes (e.g., a 217 mm strip was tested with a 200 mm
pole but not with pole heights of 300-500 mm). To obtain matched
samples, trials below 539 mm strip length were excluded from both
datasets (pairwise trimming). The following paragraphs analyze the
effect of each factor on each variable.

4.5.1 Pixel Resolution Integrity. Values range from 38% to 100%,
with a mean of 79.5% + 20.2% (95% CI [0.783, 0.808]). As anticipated,
integrity decreases as the base spins faster [r(1008)=-.58, p<.001]
or as the display gets wider [r(1008)=-.73, p<.001] (as the strip gets
longer [r(672)=-.47, p<.001]). Nevertheless, as shown in Figure 8,
the system preserves 100% integrity for at least one RPM setting at
every display radius between 134 mm and 365 mm—covering 82% of
the tested radius range. The system fails to maintain integrity once
angular speed and radius require rendering a pixel column every 7
mm under 1.214 +0.008 ms, exceeding the limits of a single 240 MHz
ESP32 MCU sequentially driving four 32 MHz LED strips (Figure 7).
Notably, integrity improves with increasing pole height [r(672)=.36,
p<-001] because the same strip length and angular speed ranges
were used at all heights: taller poles yield narrower troposkeins,
increasing the time available to render each pixel column within
the hardware’s constraints.

4.5.2  Pixel Pitch Accuracy. Values span from 82.5% to 100%, averag-
ing at 94.5%+3.4% (95% CI [0.943, 0.947]). In contrast to pixel resolu-
tion integrity, pixel pitch accuracy increases as the base spins faster
[r(1008)=.20, p<.001] or as the display radius widens [r(1008)=.75,
p<.001] (i.e., as the strip lengthens [r(672)=.37, p<.001]). As the
strip moves faster around the center or away from the center,
it experiences increased centrifugal force. This results in the ob-
served troposkein width approaching the expected value, leading the
MorphSkein system to render a pixel pitch closer to 7 mm. Notably,
we observe a decrease in pixel pitch accuracy as the pole height
increases [r(672)=-.38, p<.001]. Again, our experimental setup main-
tains the same strip length range and angular speed range for each
pole height: the LED strips ultimately get closer to the center and
thus experience less centrifugal force as the pole height increases,
leading the observed strip width further away from the expected
troposkein width.

4.5.3  Axisymmetric Shape Accuracy. Values range from 43.6% to
98.3%, with a mean of 85.6% = 11.1% (95% CI [0.849, 0.863]). Similar
to pixel pitch accuracy, shape accuracy improves as the base spins
faster [r(1006)=.23, p<.001] or as the display gets wider [r(1008)=.75,
p<.001] (i.e., as the strip gets longer [r(672)=.42, p<.001]). Indeed,
the strip experiences increased centrifugal force as it moves faster
around the center or away from the center. As a result, the observed
strip curve elevates and converges toward the expected troposkein
curve. For the same reason as for pixel pitch accuracy, we observe
that shape accuracy decreases as the pole height increases [r(672)=-
34, p<.001].

4.5.4 Axisymmetric Shape Stability. Values span from 63.3% to
99.7%, averaging at 95.2% + 5.5% (95% CI [0.949, 0.954]). Stability
increases with display radius [r(1386)=.48, p<.001] and strip length
[r(1386)=.20, p<.001], as greater distance from the center increases
centrifugal force and drives all strip curves toward the same ex-
pected troposkein, improving multi-strip coherence. In contrast,
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stability decreases with pole height [r(882)=-.59, p<.001]. Two fac-
tors likely explain this strong negative correlation: (1) with fixed
strip length and angular speed ranges, taller poles position the
strips closer to the center, reducing centrifugal force and increas-
ing deviations from the expected troposkein; and (2) greater pole
height introduces mechanical play in the telescopic assembly, caus-
ing slight pole tilt and vertical asymmetry among the four strips,
which reduces visual stability when multiple strips are used.

4.6 Aggregation

Figure 8 shows the overall performance of the MorphSkein system
in terms of pixel density accuracy and axisymmetric shape fidelity.
These high-level scores are computed as the arithmetic means of,
respectively, pixel resolution integrity with pixel pitch accuracy, and
axisymmetric shape accuracy with axisymmetric shape stability.

4.6.1 Pixel Density Accuracy. Scores range from 66.1% to 99.6%,
averaging at 87% + 9.1% (95% CI [0.865,0.876]). In the top right
corner, pixel density dips below 95% accuracy as the axisymmetric
display widens and accelerates, correlating with the results on pixel
resolution integrity. Conversely, in the bottom left corner, pixel
density also falls below 95% accuracy as the axisymmetric display
narrows and decelerates, correlating with the results on pixel pitch
accuracy. Within this range, a noticeable valley emerges, where the
MorphSkein system maintains pixel density above 95% accuracy,
highlighting an optimal balance between pixel resolution integrity
and pixel pitch accuracy.

4.6.2 Axisymmetric Shape Fidelity. Scores span from 66.7% to 98.1%,
averaging at 90.5% * 6.9% (95% CI [0.901, 0.909]). Correlating with
the results on shape accuracy and shape stability, shape fidelity
increases as the axisymmetric display widens and speeds up. Three
distinct zones stand out: (1) for radius ranging from 134 mm to 294
mm, shape fidelity is below 90% accuracy; (2) between 210 mm and
294 mm, shape fidelity fluctuates between 90% and 95% accuracy;
and (3) for radii spanning from 327 mm to 444 mm, shape fidelity
surpasses 95% accuracy. Notably, shape fidelity deteriorates at radii
181, 282, and 351 mm when the telescopic pole is fully extended to
500 mm, due to lateral tilting in this fully extended state.

4.7 Interpolation

Based on the experimental data (Figure 8) obtained for 18 sam-
pled configurations (Azest, lests Frest) across 7 speeds (Uzest), we used
linear radial basis function interpolation to estimate performance
across all 16985 configurations (h, [, r) across those speeds. Figure 5
presents the resulting estimates. Applying a 90% threshold yields:
o Pixel Density Accuracy: 16924 (99.64%) configurations (display
radii ~134-422 mm) meet the threshold for at least one tested
angular speed between 150-330 RPM.
o Axisymmetric Shape Fidelity: 13590 (80.01%) configurations (radii
~210-444 mm) meet the threshold for at least one tested speed.
e Combined Performance: 11795 (69.44%) configurations (radii
~210-422 mm) satisfy both thresholds for at least one speed.

Best pixel density accuracy (%)
within 150-330RPM (10-22Hz)
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within 150-330RPM (10-22Hz)
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Fig. 5. Estimated best performance within 150-330 RPM (10-22 Hz) across
16985 configurations, interpolated from the measured samples: (left) pixel
density accuracy, (right) axisymmetric shape fidelity, and (bottom) com-
bined performance (min of both). (e) denotes the 18 tested configurations
with measured values.

5 Conceptual Limitations
5.1 User Safety and Physical Interaction

Shape-changing interfaces typically support direct physical inter-
action through dynamic surfaces [Alexander et al. 2018], which is
unsafe with MorphSkein due to its high-speed rotating LED strips.
While some rotating displays enable safe touch interaction [Yang
et al. 2026], we prioritize pixel density preservation and axisym-
metric shape transformation. Alternative modalities such as ges-
tures [Tahouni et al. 2020], proxemics [Ballendat et al. 2010], and
speech [Taher et al. 2015] remain viable. Safety risks can be fur-
ther mitigated by mounting the system above human height in-
doors [Schardt et al. 2015] or on a drone outdoors [Yamada et al.
2017].

5.2 Shape Variety and Stability

MorphSkein is limited to troposkein-based shapes, and achieving
uniform shaping across multiple LED strips is challenging, leading to
slight afterimage jitter. Vibrations from the extending telescopic pole
worsen this, though industrial manufacturing techniques can help.
As a replacement for flexible LED strips, LED-embedded motorized
chains with closed-loop curvature control [Nakagaki et al. 2016,
2015] could enable uniform shaping and axisymmetric forms beyond
troposkeins while reducing or eliminating jitter. However, these
motorized chains must remain lightweight and robust to endure
high angular speeds.
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5.3 Volumetric Display Limitations

As a volumetric display, MorphSkein provides adjustable view-
volume boundaries but has limitations. First, it generates directional
voxels that are visible when facing the LED strips, rather than from
all directions. Second, voxel distribution is constrained by concen-
tic troposkein layers, producing non-uniform voxel density that
increases toward the top and bottom. Finally, voxel density is not
preserved in all three dimensions during view-volume expansion.
Although intra-layer density is maintained as layer surface area
increases, the spacing between layers also increases. With no ad-
ditional layers (i.e., LED strips) introduced, overall voxel density
decreases along the depth dimension. Future work could address
these limitations by exploring shape-changing volumetric displays
that preserve constant and uniform voxel density across all three
dimensions during volume expansion, maintaining usability.

6 Technical Improvements
6.1 Pixel Density and Frame Rate

MorphSkein preserves a minimum pixel density of 1.44 px/cm® and
a maximum refresh rate of 22 FPS at 330 RPM with four LED strips
rendering the same display. Both metrics can be improved through
hardware upgrades without altering the core concept. Horizontal
density can be increased by rendering more columns per revolution
using a faster MCU, higher-refresh LED strips, or one dedicated MCU
per strip instead of driving all strips sequentially with a single MCU
and two multiplexers (Figure 7). Vertical density can be improved by
switching to smaller-pitch strips, or doubled by placing two strips
side by side, each offset by half a pitch. Frame rate can be increased
by raising the maximum angular speed using a more powerful motor,
provided the MCU and LED strips can support the higher speed.
Alternatively, it can be improved by using more LED strips to render
the same display, achieved by integrating additional strip rewinders.

6.2 Image Size and Color Depth

Due to the ESP32’s limited on-chip memory (520 KB SRAM, with ap-
proximately 50 KB available after firmware upload), the MorphSkein
system can store only two 250x100 px images at 8-bit color depth.
This limitation imposes three key constraints: only two displays
can be rendered simultaneously; each display is capped at a 360°
surface of 1.225 m?; and the system cannot exploit the full range of
human color perception at 8-bit depth. Potential solutions include
adding external memory (up to 4 MB PSRAM), adopting a MCU
with greater on-chip memory, such as the Teensy (1 MB SRAM),
or distributing computation by assigning a dedicated MCU to each
LED strip.

6.3 Pixel Shape and Alignment

The LED strips in MorphSkein produce rectangular pixels by con-
tinuously rendering columns without gaps, resulting in horizontally
stretched afterimages. Disabling the strip after each column would
yield square pixels but double activations per revolution; we avoid
this to maximize horizontal resolution, though faster-refresh strips
could mitigate the trade-off. Furthermore, maintaining the strips
within the rotation plane is essential for the vertical alignment of
pixel columns. While flexible ropes (e.g., nylon strings) can curl out
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of plane under aerodynamic forces [Aristoff and Stone 2012], LED
strips exhibit limited widthwise flexibility, reducing such deflection.
However, some vertical misalignment may still occur, causing ver-
tically curled afterimages. A technical evaluation could quantify
aerodynamic effects on alignment and enable correction by cor-
relating misalignment with pole height, strip length, and angular
speed.

6.4 Display Aperture and Noise Level

Positioning the LED strip ends parallel to the telescopic pole cre-
ates a permanent aperture at the top of the display (Figure 1). To
eliminate this, the ends of all LED strips can be consolidated into
a single point atop the pole. However, this requires modifying the
troposkein model to account for non-parallel LED strip ends. Addi-
tionally, friction in the brushed motor and between metal bearings
and the 3D-printed spinner generates noise around 80 dB at 330
RPM. Switching to a brushless motor and using materials like alu-
minum for the spinner can reduce noise and increase the maximum
achievable angular speed.

7 Conclusion

Existing shape-changing axisymmetric displays use static resolu-
tion, causing pixel density to decrease as surface area increases and
limiting usability. We introduce MorphSkein, which maintains a
baseline density of 1.44 px/cm? across troposkein-based shapes via
dynamic resolution. Density naturally increases beyond this base-
line toward the top and bottom, where the troposkein curves inward.
Because this technique assumes ideal troposkein geometry, angular
velocity is critical for both density accuracy and shape fidelity. The
system supports 16985 display configurations spanning troposkein
lengths of 21.7-75.6 cm and heights of 20-50 cm (radii 13.4-44.4
cm). Based on 18 measured configurations and interpolation over
all configurations, 69.44% achieve >90% density accuracy and shape
fidelity for at least one speed between 150-330 RPM, mainly within
a 21-42.2 cm radius range (68.39% of the range). Performance is
limited by motor speed at smaller radii and by MCU speed and LED
refresh rate at larger radii. Finally, we discuss limitations including
safety, shape variety, and stability, and outline improvements to
image size, color depth, pixel density, frame rate, pixel alignment,
noise, and the top aperture.
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Fig. 6. Applications of the MorphSkein system. (top left) The system adapts its axisymmetric display shape to context. In this interactive museum exhibit on
climate change, it morphs into a cylinder-like display to present (a) rotating textual summaries of global temperature rise since 1880 or (b) a rotating line chart
of year-by-year temperature changes to surrounding visitors. It then (c) transitions to a disk-like configuration, transforming the linear chart into a circular
overview of the full temporal dataset. When geographical context is needed, the system further (d) morphs into a sphere-like display to render a global
temperature heatmap on a planet-shaped surface. Portions of the sphere can be selectively removed to return to a cylinder-like form, enabling a switch back
to textual or line-chart visualizations for specific nearby visitors. (top right) The system encodes 360°-visible data. In public spaces, workspaces or households,
it shows cumulative energy production (green) and consumption (blue) over (f) 0, (g) 15, and (h) 30 days, supporting shared awareness of energy information
from any viewing angle. (bottom left) The system renders axisymmetric 3D objects. In museums, classrooms, or planetariums, it displays planetary surfaces—(i)
Mars, (j) Venus, (k) Earth—and (l) their internal layers, preserving proportions for fair comparison of size, structure, and appearance. (bottom right) The
system augments traditional visualizations with omnidirectional, mesmerizing transformations. In music festivals, art galeries or performance spaces, it (m)
renders dynamic audio spectrum analyzers that surround the display, creating an immersive visual experience that entertains attendees from all directions.
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Fig. 7. Exploded view of the MorphSkein system. All parts are 3D printed. (top left) The telescopic pole consists of three concentric stages, each with pulleys
at both ends. They are connected by a GT2 belt driven by a Polulu micro gearmotor (12V, 380:1) and a magnetic encoder (2.7-18V, 12 CPR). To reset, the motor
retracts the stages until a Polulu QTR-1A sensor detects a reflective tape on the belt, marking the 200mm reset position. (bottom left) Each of the four LED
strip rewinders houses a 1-meter Adafruit DotStar LED strip (5V, 144 LEDs) rolled within a gear wheel and soldered to a miniature slip ring (6 wires, 240V @ 2A).
At the exit, a Polulu micro gearmotor (12V, 380:1) with a magnetic encoder and an Adafruit ALS-PT19 light sensor control rewinding; to reset, the pole retracts
to 200mm, all LEDs except the 31st are turned off and lit red, and the motor rewinds until the light sensor detects the red light, ensuring a minimum length of
217mm (31 LEDs). (right) At the center of the spinning base, is mounted a Polulu Metal Gearmotor (12V, 9.7:1, 25Dx63L mm) with a Magnetic Encoder (12V, 48
CPR). The base houses the electronics, including a power supply. An Arduino Uno Wifi Rev2 with two Motoron M35256 Motor Shields drives the motors and
reads sensors, while an ESP32 DevKit V1 with two 74HC4051 multiplexers controls the LED strips via SPl. Communication between the ESP32 and Arduino is
via serial connection. Power is supplied by a Zeee 11.1V 8000mAh 3S Lipo Battery, with two Pololu 5V@15A regulators powering the boards, sensors, and LED
strips, and a Pololu 12V@7A Step-Up Voltage Regulator powering the shields and motors. A ground station (desktop computer) uses WiFi and WebSocket to
remotely control the system, exchange target and measured values of (v, h, I), and stream video frames I : (x, y) + (r, g, b) via a Node-RED dashboard.
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Fig. 8. (top) Overview heatmap showing the mean value of each response variable across trials for all pole height (hzes;) and strip length (lz¢s¢) configurations,
plotted as a function of angular speed (v;es;). Configurations are ordered by increasing resulting display radius (rzes;). (bottom left) Detailed facet-grid
example for pixel pitch accuracy. Each panel corresponds to a (hzest, lrest) configuration and shows individual trial measurements with the mean and 95%
confidence interval as a function of angular speed (vzes¢). The panel means correspond to the values shown in the overview heatmap. (bottom right) Facet
grid of individual trial data with linear regression fits for each factor-response variable pair. Panels are annotated with the Pearson correlation coefficient and
Wald p-value.
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