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Figure 1: Mechanisms cannot be tailored easily, such as scaled-down (a) [Kuppens et al. 2020], when printed with commercially
available machinery. We introduce a new approach (b)-(d) to fabricating tunable mechanisms using threads.

ABSTRACT

Nowadays, with 3D-printers becoming more accessible, hobbyists
aim to create artifacts with integrated functional mechanisms. Many
bistable mechanisms could be integrated into a variety of objects;
however, adjusting their designs for different applications, when
only low-cost hobbyist printers and commonly used filaments are
available, is challenging. They include thin elements, which com-
plicate their adoption and cannot be easily tuned post-fabrication.
We adapt existing designs, using elastic threads and common fila-
ments. Unlike the original design, the design we showcase is robust,
can be adjusted for specific application requirements, and permits
post-fabrication tuning.
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1 INTRODUCTION

From the softness of a pillow (compliance) to the distinct on/off
states of light switches (bistability), most objects are designed with
a purpose in mind: to be functional for us. Bistability, in particu-
lar, is a property that enables the functionality of many common
objects and, similar to other mechanical properties, can be per-
ceived tactilely. It represents the ability to achieve two distinct
stable positions.

In this work, we build upon existing compliant bistable mech-
anisms (Fig. 1(a)). Their functionality relies on flexible elements,
namely flexures, which must often withstand significant stresses.
Because of this, their fabrication is typically high-end, beyond the
reach of most hobbyists, and tailored for specific applications [Raney
et al. 2016; Zirbel et al. 2016]. When only low-cost machinery is
available, they become fragile or non-functional. In the few cases
where they have been successfully adapted [Gong et al. 2021; Ion
et al. 2017], cannot be easily adjusted to different application re-
quirements, and can rapidly degrade. As a result, these designs have
not yet been widely adopted by non-experts. We are informed by ex-
isting mechanisms and post-fabrication tuning approaches [Florijn
et al. 2014; Yang et al. 2022] to achieve accessible, quick, and afford-
able tuning, aiming to integrate functionality into artifacts:

e We construct low-cost robust adaptations of existing mecha-
nisms that fulfill various motion requirements, using one as
an example,

o we discuss size and stiffness requirements fulfillment, and

e we enrich the functionality by providing operations for post-
fabrication tuning.

2 APPROACH

Motion Requirement: Different applications have different re-
quirements, including motion. We select the appropriate mechanism
from our dataset which covers a wide range of motions (Fig. 2, top
row) based on the input application. For example, the mechanism in
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Fig. 2(b) follows a linear motion where the output direction (dashed
arrow) is parallel to the input direction (solid arrow). For complex
tasks, such as: adjusting the number of stable positions (Fig. 3(i)),
designing orthotropic meta-materials (Fig. 3(j)), or creating assem-
blies (Fig. 3(h)), we composite multiple mechanisms in grids and
other formations. Next, we use as an example the design in Fig. 2(a).
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Figure 2: Top row: existing compliant mechanism dataset
(figures from [Follador et al. 2015; Merkle et al. 2018; Pan
et al. 2022; Zirbel et al. 2016]). Bottom row: adapted designs
for accessible fabrication. Solid and dashed arrows indicate
the input and output motion directions.

Background Material: This design is a well-known bistable form [Kup-

pens et al. 2020; Qiu et al. 2001]. It consists of two parallel rigid
bars and thin compliant beams, i.e., flexures, arranged between
them, and attached to a central clamp. The beams provide the com-
pliance in otherwise stiff materials. When force is applied to its
clamp, the beams deform, allowing the clamp to move between the
stable states, passing through high-stress, unstable positions. Many
parameters including: materials, beams geometry and topology,
existence of the clamp, frame beams angle, influence the overall
functionality, such as: stiffness, out-of-plane motion, number and
placement of stable positions. This information along with our own
experimentation inform the design process.

Robustness Requirement: To allow robustness using low-cost ma-
chinery, we manually adapt the existing designs by introducing com-
pliance in the frame and by incorporating elastic threads (Fig. 2, bot-
tom row). Threads provide flexibility and withstand high stress,
replacing the flexures, while, the 3D-printed parts provide stiffness
and rigidity under compression, restricting the threads. First, given
a compliant design we identify the flexures. Next, we design the
thread pieces and the 3D-printed parts (frame, flippers and clamp)
(Fig. 1(b)). Neighboring pieces are connected to thread paths and
pipes are carved in the 3D-printed parts (Fig. 1(c)). We replicate
the thread paths in parallel planes, e.g., in Fig. 1(d) we manually
insert and knot two thread paths. The materials and the printing
parameters affect the mechanisms robustness.

Size-Stiffness Requirements: In our design, we notice that stiffness
relates to the frame size and shape, the flipper frame angle, the
flippers topology, and materials. For example, one way to adapt the
stiffness, i.e., the force required to transition between the two stable
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Figure 3: Mechanisms can: range from small (a) to large (c),
allow functionality tuning, such as reset (g) and stiffness
tuning using threads (d)(f) or rigid parts (e), form free-form
assemblies (h), grids (i), or meta-material cells (j).

positions, is to change the way we introduce the frame’s compliance
by modifying the shape. For smaller and medium stiffness flexures
or threads can be used (Fig. 3(d), Fig. 1(d)), while for larger stiffness
thicker frames (Fig. 3(c)) might be more appropriate. We fabricated
the mechanism in sizes ranging from 1cm to 20cm (Fig. 3, top row).

Tuning: Additionally, we provide approaches for quick post-
fabrication stiffness tuning and resetting. The tuning approach,
using tensioned elastic threads (black threads in Fig. 3(d),(f)) or
sliding rigid blockers (black piece in Fig. 3(e)), affects the range of
stiffness levels, whether the levels are discrete Fig. 3(f) or continu-
ous Fig. 3(d), our tactile perception on the mechanism’s smoothness,
and its ability to be miniaturized. The force required for tuning
can be dependent Fig. 3(d) or independent Fig. 3(e) of the enforced
stiffness level, making the mechanism easier or harder to control.
Finally, we introduce an extra path within the flippers (black thread
path in Fig. 3(g)), effectively blocking one of the two bistable posi-
tions when tensed.

3 DISCUSSION

Our approach prioritizes accessibility rather than energy efficiency,
unlike the original monolithic designs, which are well-known for
their accuracy and absence of friction. We continue to work on
exploring alternative tactile operations and functionalities, on syn-
chronizing compositions’ tuning and modularity, and on formaliz-
ing the design and fabrication process.



Threa-D Printing Tunable Bistable Mechanisms

REFERENCES

Bastiaan Florijn, Corentin Coulais, and Martin van Hecke. 2014. Programmable
Mechanical Metamaterials. Phys. Rev. Lett. 113 (Oct 2014), 175503. Issue 17.
https://doi.org/10.1103/PhysRevLett.113.175503

Maurizio Follador, Matteo Cianchetti, and Barbara Mazzolai. 2015. Design of a compact
bistable mechanism based on dielectric elastomer actuators. Meccanica 50 (06 2015).
https://doi.org/10.1007/s11012-015-0212-2

Jun Gong, Olivia Seow, Cedric Honnet, Jack Forman, and Stefanie Mueller. 2021.
MetaSense: Integrating Sensing Capabilities into Mechanical Metamaterial. In UIST
(Virtual Event, USA) (UIST "21). Association for Computing Machinery, New York,
NY, USA, 1063-1073. https://doi.org/10.1145/3472749.3474806

Alexandra Ion, Ludwig Wall, Robert Kovacs, and Patrick Baudisch. 2017. Digital
Mechanical Metamaterials. In Proceedings of the 2017 CHI Conference on Human
Factors in Computing Systems (Denver, Colorado, USA) (CHI ’17). Association for
Computing Machinery, New York, NY, USA, 977-988. https://doi.org/10.1145/
3025453.3025624

Reinier Kuppens, M. Bessa, Just Herder, and Jonathan Hopkins. 2020. Compliant
Mechanisms That Use Static Balancing to Achieve Dramatically Different States of
Stiffness. Journal of Mechanisms and Robotics 13 (12 2020), 1-9. https://doi.org/10.
1115/1.4049438

Ralph C. Merkle, Jr Freitas, Robert A., Tad Hogg, Thomas E. Moore, Matthew S. Moses,
and James Ryley. 2018. Mechanical Computing Systems Using Only Links and

SCF Adjunct *24, July 07-10, 2024, Aarhus, Denmark

Rotary Joints. Journal of Mechanisms and Robotics 10, 6 (09 2018), 061006. https:
//doi.org/10.1115/1.4041209

Diankun Pan, Yulong Xu, Wenbing Li, and Zhangming Wu. 2022. Novel rotational
motion actuated beam-type multistable metastructures. Materials and Design 224
(12 2022), 111309. https://doi.org/10.1016/j.matdes.2022.111309

J. Qiu, J.H. Lang, and A.H. Slocum. 2001. A centrally-clamped parallel-beam bistable
MEMS mechanism. In Technical Digest. MEMS 2001. 14th IEEE International Confer-
ence on Micro Electro Mechanical Systems (Cat. No.01CH37090). IEEE, USA, 353-356.
https://doi.org/10.1109/MEMSYS.2001.906551

Jordan R. Raney, Neel Nadkarni, Chiara Daraio, Dennis M. Kochmann, Jennifer A.
Lewis, and Katia Bertoldi. 2016. Stable propagation of mechanical signals in soft
media using stored elastic energy. Proceedings of the National Academy of Sciences
113, 35 (2016), 9722-9727. https://doi.org/10.1073/pnas.1604838113

Willa Yunqi Yang, Yumeng Zhuang, Luke Andre Darcy, Grace Liu, and Alexandra Ion.
2022. Reconfigurable Elastic Metamaterials. In Proceedings of the 35th Annual ACM
Symposium on User Interface Software and Technology (Bend, OR, USA) (UIST ’22).
Association for Computing Machinery, New York, NY, USA, Article 67, 13 pages.
https://doi.org/10.1145/3526113.3545649

Shannon A Zirbel, Kyler A Tolman, Brian P Trease, and Larry L Howell. 2016. Bistable
Mechanisms for Space Applications. PloS one 11, 12 (2016), €0168218. https:
//doi.org/10.1371/journal.pone.0168218


https://doi.org/10.1103/PhysRevLett.113.175503
https://doi.org/10.1007/s11012-015-0212-2
https://doi.org/10.1145/3472749.3474806
https://doi.org/10.1145/3025453.3025624
https://doi.org/10.1145/3025453.3025624
https://doi.org/10.1115/1.4049438
https://doi.org/10.1115/1.4049438
https://doi.org/10.1115/1.4041209
https://doi.org/10.1115/1.4041209
https://doi.org/10.1016/j.matdes.2022.111309
https://doi.org/10.1109/MEMSYS.2001.906551
https://doi.org/10.1073/pnas.1604838113
https://doi.org/10.1145/3526113.3545649
https://doi.org/10.1371/journal.pone.0168218
https://doi.org/10.1371/journal.pone.0168218

	Abstract
	1 Introduction
	2 Approach
	3 Discussion
	References

