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Figure 1: (a) PopTuber’s shaping devices, (b) reconfigurable curve-based tangible UIs, (c) physicalizing mid-air drawing, (d) a
multi-module shape display.

ABSTRACT
The vision of programmable matter — materials that can change
shape or properties in a programmable way — has inspired decades
of research across robotics, materials science, and HCI. However,
many line-based actuated systems struggle to achieve fine-grained
geometries, due to motor size, cost, and control complexity. In this
work, we introduce PopTuber, a novel approach to dynamically
generate high-resolution 3D curves using passive, low-cost, multi-
stable pop tubes. Instead of chaining actuators, our system leverages
the densely arranged bellows with discrete mechanical states, col-
lapsed, expanded, or folded, to represent and construct arbitrary
curves. We present the Shaper, a device that uses only five servo
motors to reconfigure tubes of any length and curved segments.
Alongside the hardware, we provide design guidelines that allow
our shaping principle to scale for different tube sizes, a software
pipeline that can simulate the tube geometry and execute motor
cmmands, and an evaluation of shaping performance and scala-
bility. Our work challenges conventional actuator-intensive and
material-oriented approaches in programmable matter, showing
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how passive, discretely shapable materials combined with mini-
mal actuation can enable versatile, low-cost shape transformations
along with a variety of applications.
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1 INTRODUCTION
In the past thirty years, the vision and concept of Programmable
Matter have attracted attention across robotics, materials science,
and Human-Computer Interaction (HCI), pursuing “materials that
can change their physical properties or shape in a controlled, pro-
grammable fashion based on external input” 1. When Programmable
Matter was initially proposed by Toffoli and Margolus in 1991 [51],
they envisioned such material to be composed of ‘an ensemble
of fine-grained computing elements,’ which led to projects like
claytronics that take modular, reconfigurable robotic approaches
1https://en.wikipedia.org/wiki/Programmable_matter
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[17]. A number of HCI researchers were also inspired by such vision
to construct and design interactive, shape-changing devices, a.k.a
Shape Changing Interfaces (SCIs) [2, 23, 43] to broaden tangible
and haptic interaction. While this vision branched into diverse form
factors (self-foldable sheets [21], pin-array shape-changing surfaces
[15, 29]), lines have always been a popular form of interest to create
versatile motion or curve geometries [8, 9, 27, 50, 58]. Similarly, HCI
researchers have also taken such 1D geometry to create dynamic
line-based shape changing interfaces [34�36].

When developing an actuated linear system, one challenge is
the number of small actuators required to achieve high-resolution
geometries. Take LineFORM [36] (a line-based shape-changing
interface in HCI) and Milli-Motein [27] (a miniature chain-type pro-
grammable matter system in robotics) as examples; the granularity
and the smoothness of the linear geometries they can create are
inherently limited by the actuators themselves. The fact that each
joint requires an electromechanical actuator signi�cantly limits
how small the joint can be, and the costs increase with the line's
length and granularity. Can we explore alternative strategies to mit-
igate the granularity and cost constraints introduced by actuators?

Figure 2: Illustrations of Chained-Motor approach and Mor-
phing Material approach.

To this end, instead of the actuator-intensive approach that re-
quires an actuator for each joint on a line, we explore a novel
alternative that uses a shaping device to actively shape passive,
connected joints. These passive joints take the form of serially
connected multistable structures, which can be found on a widely
available linear material, `pop tubes.' Often sold as �dget toys, pop
tubes create a satisfying `popping' sensation when expanded and
collapsed thanks to their multistable buckling behavior. They are
mass-produced using corrugated tubing techniques developed since
the 1960s,2 making them widely accessible and inexpensive.

In this paper, we highlight the potential of leveraging pop tubes'
unique geometry as a form of programmable matter. Although the
pop tubes can be bent and shaped in a free-form way, what's spe-
cial about pop tubes is that their global geometry is fundamentally
determined by the serial arrangement of discrete local states�each
bellow being either collapsed, expanded, or folded. These densely

2Corrugated Tubing � Applications and Bene�ts https://www.mmnewman.com/blog/
corrugated-tubing-applications-and-bene�ts

connected, `discretely' de�ned local bellow states, resembling a
bitstream, construct and determine the global geometry. This prin-
ciple o�ers a new lens for constructing line-based programmable
matter.

With this novel perspective, we have developed a generalizable
method to build a `Shaper' system, a device that dynamically shapes
pop tubes based on digital curve data. We show a visual reference
in Figure 2, which will be detailed in 2.1. In contrast to the con-
ventional actuator-intensive approaches in programmable matter
and SCIs, the Shaper only requires �ve servo motors to con�gure
tubes of any length. It also o�ers an alternative to the traditional
material-oriented approach, such as 4D printing [50, 55], pneu-
matic/hydraulic systems [26, 57], etc., which often face di�culties
rendering diverse shapes on a material's continuous morphing body.
Instead, we propose using discretely shapable materials with a �xed
number of actuators to enable versatile shape transformations.

In what follows, we introduce the overall hardware design and
shaping operations. We provide a device design guideline for pop
tubes of di�erent sizes, helping researchers, makers, and engineers
replicate our approach using any tube available on the market. We
also present a software pipeline that translates 3D digital curve
data into tube simulations and motor commands. Our evaluation
characterizes shaping performance on a small-sized tube (11mm
diameter) and demonstrates the scalability of our shaping principle
on a larger tube (29mm).

We make the following contributions:

� A concept and approach of employing passive multistable
material to be shaped with a separate shaping device (as in
Figure 2) as a new strategy of programmable matter.

� A proof-of-concept implementation, including device hard-
ware design and a software pipeline.

� Guidelines and evaluation of shaping accuracy and system
scalability for di�erent tube sizes.

2 RELATED WORK
The interdisciplinary �eld of programmable matter has explored
diverse ways to translate digital curve data into dynamic physical
lines with controllable shapes. This section reviews approaches
from the robotics, materials science, and HCI communities, and
situates the proposed approach of PopTuber within this landscape.

2.1 Programmable, Shape-Changing Lines
2.1.1 Actuator-Focused Programmable Lines. Since the vision of
Programmable Matter [51], a number of works have investigated ap-
proaches to enable lines that can be programmed to form dynamic
shapes, including the aforementioned approach of `chained-motor'
[27,36], chaining electromechanical motors. We show a simpli�ed il-
lustration of this approach in Figure 2. While these line systems can
transform into diverse geometries, they are limited in shape granu-
larity, one of the key metrics for shape-changing resolution [46],
discussed by Roudaut et al. Under that framework, the granularity
for a linear system can be calculated as the number of control points
per length. In the case of chained motors, each motor is counted
as a control point, and the size of the motors directly a�ects the
granularity. Some custom miniature motors can be made, such as
in [27] where each segment length is only 1cm. However, due to
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the low availability of such small motors, one of the challenges in
SCIs summarized by [2], the chained-motor approach often results
in low shape resolution geometries.

2.1.2 Material-Oriented Programmable Lines. Instead of embed-
ding mechanically complex, bulky, and expensive motors along the
body of the line, engineering passive material's shape-changing be-
havior has been gaining increasing attention across aforementioned
domains [40]�which we refer to as `morphing material' in this pa-
per. A simpli�ed illustration is shown in Figure 2. Such morphing
material systems have employed, for example, thermo-responsive
materials (shape-memory alloy [25, 47, 58], or thermo-reactive plas-
tic [50, 55]), humidity/swelling-reactive material (liquid crystal elas-
tomer [45]), magnetically-actuated soft-folding materials [19], and
pneumatically/hydraulically actuated materials [8, 12, 26, 53, 54].
In these works, the materials are designed and `pre-programmed'
to respond to external stimuli, allowing dynamic shape-changing
capabilities. By o�oading the bulky and expensive actuators from
the material itself, researchers were able to achieve much smaller
[45, 58], smoother (e.g. PneUI [57], OmniFiber [26]), cheaper [9], or
easier-to-approach (e.g. MiuraKit [10]) shape-changing lines.

While these prior works inspired our approach to employ passive
linear materials shaped by active actuation mechanisms, one major
limitation of prior research is that the morphing, shape-changing
behavior is generally di�cult to control in a precise and discrete
manner. Unlike the method of `chained-motor' methods [27, 36],
whose individual discrete segments were able to achieve precise
angles to con�gure the overall geometry, the `morphing material'
approach often relies on the material's continuous morphing be-
havior, which essentially has in�nite degrees of freedom and states.
Hence, compared to controlling discrete units with clear mechanical
states, it is much more di�cult to precisely control the continuous
deformation, which limits the dynamic shape-recon�guration ca-
pabilities. As a result, most instances of this `morphing material'
research are only able to transform into limited pre-�xed shapes.

2.1.3 Actuating Shapeable Mechanical Structures. To give morph-
ing materials more diverse shape transformations and discrete con-
trols, researchers have begun to leverage shapeable mechanical
structures. Among them, bistable or multistable structures are espe-
cially suited for purposes of shape-changing, as they have clear me-
chanical states to be repeatedly con�gured. For example, PopPrint
developed foldable and collapsible 3D objects [39], and Kirigami-
Haptics introduced bistable haptic features encoded in materials
[6]. Other research embedded digital logic into bistable materials to
enable material-embedded interactivity [22, 24]. The most relevant
to ours is ConeAct, a small multistable actuator capable of expand-
ing, collapsing, and folding [30]. The multistability of a material
segment signi�cantly simpli�es the actuation electronics, allowing
each unit to be small. However, as linear materials are composed
of large amounts of dense segments and become higher-resolution,
embedding actuation hardware into numerous segments becomes
increasingly challenging.

Instead of embedding actuation hardware in each material seg-
ment, our approach employs passive linear materials, pop tubes
(which we see as `serial-multistable tube'), and serially con�gures
it with a separate shaping device. PopTuber o�ers key advantages:
(1) the use of passive, low-cost, mass-manufacturable materials of

various sizes; (2) the use of a �xed and minimal number of actua-
tors to shape a material with unlimited length; (3) scalability of our
approach to di�erent material sizes with easy device adaptation,
thanks to the �x number of actuators.

2.2 Line-based Fabrication
As lines are fundamental geometries for constructing shapes, vari-
ous rapid fabrication systems have been developed to create com-
plex shapes from linear material. Protopiper [1] extrudes and shapes
tape into rods to prototype human-scale objects. AirTied and Re�at-
able create large in�ated truss structures using �at tubes [33, 42].

Wire bending machines are the most similar to our work. While
they can bend metal wires into precise shapes, they are often bulky
and limited to 2D bending without additional mechanisms [18, 28].
Reversing bent metal wires is also challenging and requires complex
straightening mechanisms34.

Similar to most multistable structures, our tube material is easily
hand-bendable. To better communicate the contribution, we con-
trast PopTuber with manual shaping approaches. Manual shaping
relies on global manipulation rather than discrete, bellow-by-bellow
control. It is often more suitable for short, simple, or less curved
shapes, such as squares or triangles, and can be advantageous for
rapid ideation or direct shape edits. Manual bending requires no
machine setup and leverages the user's physical skill and spatial in-
tuition. In contrast, our automated shaping system enables discrete
control over each bellow, making it well-suited for shaping long,
complex, or continuously curved forms such as arcs and spirals. It
also supports digital-to-physical integration, allowing CAD-based
design, reproducibility, and shape editability. The automated sys-
tem ensures consistency regardless of user skill and reduces manual
labor when shaping multiple tubes, an otherwise time-consuming
process. Furthermore, it enables dynamic, real-time reshaping with-
out requiring user intervention, expanding the range of potential
applications.

Although pop tubes themselves are hand-bendable, our work
does not see them as a fabrication material alone. Instead, we pro-
pose a novel programmable matter system that actively con�gures
these serially multistable structures using an external shaping de-
vice. This approach combines the high-resolution shape outputs
from densely packed mechanical states with the dynamic recon�g-
urability enabled by a small set of actuators.

2.3 Hybrid �Machine and Material� Systems
Lastly, HCI researchers have developed interactive recon�gurable
systems that combine active machines and passive materials or
mechanisms. For instance, HERMITS used tabletop robots to recon-
�gurably actuate passive mechanisms [37]. Dynablock introduced
a dynamic 3D printing method that assembles reconstructable el-
ements to form objects that can be disassembled and reused [48].
These hybrid recon�gurable systems allow users to separate passive
modules from active ones, enabling them to pick up recon�gured

3https://www.wire-straightener.com/wire-straighteners/wire-straightening-
machine.html
4https://www.durantco.com/standard-wire-straighteners.php
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objects and return them to the machine for reshaping or reactua-
tion. PopTuber employs a similar hybrid approach, but to create a
line-based actuation and interaction device.

3 POPTUBER: HARDWARE DESIGN AND
SHAPING OPERATIONS

The basic architecture of PopTuber requires what we call a passive
serial multistable material and a shaping device, Shaper (Figure 1a).
The core idea is that the material itself is reshapable due to its
multistability, and Shaper automates the shaping and reshaping
processes. In this section, we describe the serial multistable tubes
and their core mechanism, followed by the Shaper hardware de-
sign and shaping operations. We then provide a parametric design
guideline that allows the shaping mechanism to adapt to di�erent
tube sizes for reproducibility and scalability. Lastly, we clarify the
types of linear geometries this approach can and cannot create.

3.1 Serial Multistable Tubes
Figure 3 shows the three local bellow states of the multistable tube
that constitute the overall shape of the tube: (1) Expanded, (2)
Collapsed, and (3) Folded. Expand and Collapse a�ect the length
of the tube, while Fold creates and accumulates local folding angles.
This local folding angle is �xed to each tube. The primary tube
dimensions and folding angle we work with are shown in Figure 3.

Additionally, while each local bellow can be discretely stabilized
into the above three states, the global folding direction can be
granularly de�ned for each fold (-180°� U � 180°), which allows
the bellow to be bent to di�erent directions granularly.

Figure 3: Three stable states of the multistable bellow struc-
ture: (1) Expanded, (2) Collapsed, and (3) Folded, with local
folding angle \ and folding direction U.

3.2 Shaper Hardware Design
Shaper (Figure 4a) is designed to control the local bellow struc-
ture individually in series to shape the overall curve geometry. It
requires only �ve motors (continuous rotation servo motors), fea-
turing rather simple and compact hardware, especially contrasting
with systems that require actuators along the shape-changing body
[27, 36]. Shaper consists of a quadra-gear extruder and a rotator
to shape multistable bellows on the tube sequentially, which are
detailed below.

Quadra-Gear Extruder: The quadra-gear extruder is the cen-
tral actuation component of our system, shown in Figure 4a. We
highlight the custom-designed gears mounted on servo motors. The
teeth of all four gears are designed around the tube's inner and
outer diameters (ID, OD) (Figure 4b) of the expanded bellows. The
top right multi-tooth gear is the key for controlling and shaping
the local below states. It does so by allowing an expanded bellow to

Figure 4: (a) Shaper consists of a quadra-gear extruder and a
rotator. (b) The tooth is designed around the tube ID and OD.
(c) The multi-tooth gear meshes with the expanded bellows.

�t into each gap on the gear (Figure 4c). The other three gears are
single-tooth to �exibly rotate and manipulate the bellows. Further
details of the gear design are elaborated in Section 3.4.

Rotator: While the extruder can fold and form di�erent angles
unidirectionally, the rotator is designed to rotate the tube in place,
allowing the tube to be folded to any direction, which is essential
for creating 3D curves.

The in-place rotation of the tube is done by employing a gripping
mechanism with three small passive wheels surrounded by an O-
ring. The tube's feeding and retracting linear movement aligns
with the small wheels' rotation, allowing the tube to feed and
retract easily. Conversely, for in-place tube rotation, which occurs
perpendicular to the wheels' rotation, the wheels function as a
gripping device instead.

All the gears (printed in PLA using FDM 3D printers) were
mounted on Dynamixel XL330-M077-T motors, running at 6V for
our default 11mm small tube, controlled by an Arduino MKR WiFi
1010 that receives commands wirelessly from a computer. Our
system can also control multiple Shaper modules simultaneously,
which will be demonstrated in later sections.

3.3 Shaping Operations and Motor Commands
This section outlines how shaping operations are executed using
our Shaper hardware by controlling �ve motors (Quadtra-Gear
Extruder and Rotator) in combination, visualized in Figure 5, and
detailed below.

3.3.1 Expand and Collapse. The Expand operation allows the col-
lapsed tubes to be expanded. This can be used to extend a compactly
stored tube, and the tube length can be variable, by controlling how
many bellows to be expanded along the tube. To expand an initially
collapsed tube, the top two gears �rst jam the tube, then the bottom
gears rotate to pull the tube downward, expanding the bellow layers
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Figure 5: Shaping Architecture and Mechanism of PopTuber

in between. Similarly, to collapse expanded bellows, the bottom
gears rotate to push the bellows upward, opposite to expanding.

3.3.2 Rotate and Fold. The Rotate operation rotates from -180° to
180° and allows di�erent folding directions. Fold can be done by
moving the tube upward while blocking the left side of the bellows.
With one side blocked, moving N bellows up creates N folds. The
current maximum number of continuous folds Shaper can make is
four as the gear can no longer block the upward motion when the
total fold angle is smaller than 90°. However, sharper angles can be
achieved by combining continuous folds, such as six folds being
deconstructed into three folds, one straight bellow, and three folds,
which we will elaborate in Sec. 3.5.

3.3.3 Feed and Retract. Feed and Retract move the tube up and
down, where opposite gears rotate at the same but opposite speed,
similar to how a 3D printer extruder feeds and retracts �lament.

3.3.4 Reset (Retract and Fully Collapse). Lastly, we have developed
a special global shaping operation. Reset allows a shaped tube to
fully collapse to its most compact state, automating the reshaping
process. This is done by resetting all motors to spin back to their
starting position and can usually be completed within three seconds
for an approximately 27cm tube.

3.3.5 Shaping Conditions and Procedures. We developed two shap-
ing conditions: with the tube (1) initially expanded or (2) initially
collapsed, which we visualize in Figure 6. We describe each condi-
tion and discuss its pros and cons.

Condition 1 starts with an initially expanded tube. The expanded
bellows can be fed to become a straight segment, and folded to
become a curved segment. Process [A] and [B] (as labeled in Figure 6
top) will loop until the whole shaping process �nishes. As we will
show in Evaluation, this condition yields faster and more accurate
results.

Condition 2 starts with an initially collapsed tube. Collapsed
bellows need to be locally expanded �rst [C] then [A] and [B]
(Figure 6 bottom), and the loop C-A-B-C-... continues until the
shaping process �nishes. In the end, the process [D] will reset the
shape by collapsing all the bellows and retract to the initial position,
ready for rendering a new shape directly. This condition allows

active reshaping, making it suitable for rendering multiple shapes
one after another. However, this shaping condition requires Expand
to intertwine with other operations throughout the loop to always
make sure the next few bellows are expanded and ready for being
folded. Therefore, this condition takes longer than Condition 1 and
yields less accurate results because of intertwined Expand, which
is detailed in Evaluation.

3.4 Gear Design Guideline
The above device design and shaping principles can be applied and
generalized to di�erent tube sizes. For scalability, we introduce a
gear design guideline in this section based on a few key parameters
extracted from the tubes, as shown in Figure 7. We intend this
guideline for fellow researchers, engineers, and makers to replicate
our hardware design, adapting to pop tubes of di�erent scales and
properties.

The gears are the most crucial components on the Shaper, and
they need a number of dimensions to de�ne their geometries, seen
earlier in Figure 4. The gear design is informed by key parameters
of the tube (OD: tube outer diameter, ID: inner diameter, and bellow
height) as well as two user-de�ned parameters (gear radiusAgear,
tooth thickness Ctooth).

Firstly, OD and ID are used to de�ne the geometry of each tooth
(Figure 4b), ensuring each tooth to engage with the bellow.

Next, out of the four gears, one of them is the multi-tooth gear,
and the tooth number of this gear needs to be carefully decided
so that the gear tooth spacing matches the bellow height to �t-
tingly move the tube bellow by bellow (Figure 4c). To determine the
number of teeth, we developed a formula that takes bellow height
� bellow, gear radiusAgear, and tooth thicknessCtooth as inputs, and
outputs the number of teeth, as follows:

#teeth = round¹
2c

2 arcsin
�

Cthick
2Agear

�
¸ 2 arcsin

�
� bellow
2Agear

� º

Here, while gear radius and tooth thickness can be arbitrarily
de�ned by the designer, we recommend setting the gear radius to
be about half of tube OD, and the tooth thickness to be thin and
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Figure 6: Two shaping conditions. Top: from an expanded tube. Bottom: from a collapsed tube.

Figure 7: Parametric design tables that inform the gear de-
sign for di�erent tube sizes. Left: the tube and device size we
primarily focus on. Right: a larger tube and shaping mecha-
nism

strong (we use 1mm). In general, the larger the gear radius the user
sets, the more teeth the gear will have, and vice versa.

All the gear designs are parametrically designed with Fusion360
and will be open-sourced5.

Based on this design guide, we designed two device variations
for two di�erent tube sizes (OD = 11mm and 29mm, respectively) as
shown in Figure 7. The shaping performance of these two designs
is evaluated in later sections.

In addition to the gears, the motors need to provide enough
torque for bellow expansion. For the larger 29mm tube, We used Dy-
namixel XC330-M288-T (stall torque is 0.52Nm), which is a higher-
torque variant of the motors for the small tube's Shaper (XC330-
M077-T, 0.228Nm). This can serve as a reference for component
selection.

3.5 Possible and Impossible Shapes
We summarize Figure 8 to illustrate possible and impossible shapes
for our system. It is not meant to be a comprehensive list but to
give fellow researchers an idea of what PopTuber is capable of. We
will use the default small tubes to illustrate the angles and shapes,
but the idea can extend to other tube sizes.

5https://github.com/AxLab-UofC/PopTuber

Figure 8: Possible and Impossible Shapes

The default angles PopTuber can create are increments of\ ,
where\ depends on the tube design (Figure 3c). For the small tube
where\ = 18� , the maximum continuous folds the Shaper can make
is 4 (making 108� ) due to our current gear design.

For angles that require more than 4 folds, we can combine folds
to accumulate the angles. For example, 6 folds can be constructed
from 3¸ 3 folds, similarly 8= 4¸ 4, and a U-shape that needs 10
folds can be made from 3̧4¸ 3 folds. For angles that are not exact
multiples of\ , our software will approximate to the closest �tting.

There is a great variety of shapes PopTuber can generate, includ-
ing but not limited to regular shapes like polygons, rectangles, a
heart, a 3d arc, a stand, etc. There are also shapes that are impossible
for PopTuber. It is not possible to generate a curve with a bending
radius smaller than the inner radius of the gear. It is also impossible
to generate knots, as they require controlled movement of the tube
ends while the Shaper loses control of one end once it extrudes out
of the device.

4 SOFTWARE PIPELINE
We developed a software pipeline (Figure 9) that consists of three
steps: (1) convert a digital 3D curve data into a tube simulation, (2)
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