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ABSTRACT

Bistable and multistable structures have attracted significant attention in recent years because of their ability
to maintain multiple stable equilibrium states without continuous external energy input. These characteristics
make them promising candidates for the design of adaptive, programmable, and intelligent structures. The rapid
development of additive manufacturing technologies, particularly Fused Filament Fabrication, has created new
opportunities for realizing such structures by enabling precise control of material anisotropy, thermal residual
stresses, pre-strain, and structural,geometry. This review presents a systematic overview of the fundamental
principles and methods used.to achieve _bistability and multistability through 3D printing. The reviewed
approaches include the controlled. use of<thermal residual stresses, pre-strained layers, geometry-driven bistable
mechanisms, bio-inspired architectures, origami and kirigami based concepts, as well as reinforced and composite
filaments. The literature demonstrates that by tailoring extrusion paths, layer orientations, thermal history, and
material distribution, the potential energy-landscape of printed structures can be effectively engineered, enabling
control over the number and stability of equilibriumstates. These capabilities have led to applications in soft
robotics, deployable aerospace systems, biomedical devices, energy harvesting technologies, and adaptive
metamaterials. Finally, key research challengesiare discussed, including the prediction of stable equilibrium states,
the dependence of mechanical performance on printing parameters, time-dependent material effects such as creep
and fatigue, and the lack of comprehensive analytical.design frameworks. Future research directions toward the
development of next-generation programmable multistablesstructures enabled by additive manufacturing are also
outlined.
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1. Introduction

Bistable and multistable structures have attracted
considerable attention because of their ability to
maintain two or more stable equilibrium states without
continuous external energy input. Such structures can
undergo large and reversible configuration changes and
therefore provide attractive solutions for adaptive,
reconfigurable, and  programmable  engineering
systems[1, 2]. Their potential applications include
aerospace deployable structures, soft robotics,
biomedical  devices, mechanical metamaterials,
vibration‘control, and energy harvesting.

Recent “advances _.in  additive manufacturing,
particularly Fused Filament, Fabrication (FFF), have
created new opportunities for designing and fabricating
bistable and multistable structures with controlled
geometry and material architecture. The ability to
control layer orientation, deposition parameters, and
material distribution can modify mechanical anisotropy,
residual stresses, and the resulting ‘structural response
[2-4]. Consequently, additive ‘manufacturing, can be
considered not only as a fabrication technique but also
as a means of engineering the mechanical behavior and
stable configurations of the final structure.

Several approaches have been developed to obtain
bistability and multistability, including the use of
process-induced residual stresses, prestressed layers,
material anisotropy, geometry-driven mechanisms, and
mechanical metamaterial architectures[5-7]. Numerical
modeling has also become an important tool for
predicting  nonlinear  deformation,  equilibrium
configurations, and snap-through behavior, although
accurate prediction remains challenging because of
material anisotropy, nonlinear geometry, manufacturing
variability, and process-induced effects[3].

Therefore, this review systematically examines the
principal methods and underlying principles used to
create bistability and multistability through 3D printing.
The reviewed studies are classified and critically
compared according to their bistability mechanisms,
material systems, manufacturing approaches, numerical
and analytical methods, and engineering applications.
The main contribution of this review is to provide an
integrated perspective linking manufacturing
parameters, material behavior, structural mechanisms,
energy-based stability, and functional applications,
while identifying current limitations and future research
directions for the development of programmable
multistable structures.

2. Methodoligy

A systematic literature review was conducted
following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework.
Relevant studies addressing bistable and multistable
structures, additive manufacturing, 3D printing, Fused
Filament Fabrication, residual stress, programmable
structures, and mechanical ~metamaterials were
identified through searches of major scientific
databases. The retrieved publications were screened
according to predefined inclusion and exclusion criteria,
and duplicate or irrelevant studies were removed.

A total of 69 relevant studies were selected for the
final review and analyzed according to the mechanisms
used to achieve bistability or multistability, material
systems, manufacturing strategies, numerical and
analytical modeling approaches, structural design
concepts, and engineering applications. In addition to
summarizing the reported developments, a comparative
and critical analysis was performed to identify the
advantages, limitations, research gaps, and emerging
trends within the field

3. Discussion and Results

The systematic review of 69 selected studies
demonstrates a clear evolution in the design of bistable
and  multistable  structures from  conventional
mechanically induced configurations  toward
programmable  structures enabled by advanced
manufacturing and material systems[1, 2, 5]. The
reviewed studies show that bistability can be achieved
through / several major strategies, including thermal
residual stresses, pre-strained layers, geometry-driven
mechanisms, bio-inspired architectures, origami- and
kirigami-based designs, and composite or reinforced
materials[38-5]. These approaches provide different
levels of contral oversthe number of stable states,
deformation magnitude, “energy barrier, structural
stiffness, and reversibility [4, 5].

A major finding of she review is the increasing
importance of additive manufacturing, particularly
Fused Filament Fabrication,.in controlling the structural
parameters responsible for bistable behavior[2, 7].
Layer orientation, deposition path, material distribution,
printing conditions, and thermal history can modify
anisotropy and residual stress {and .consequently
influence the final equilibrium configuration[2,, 7].
Therefore, the manufacturing process should not) be
considered merely as a fabrication stage butwas an
integral part of the structural design strategy.



The reviewed studies also demonstrate the growing
role of numerical simulation in predicting bistable
behavior. Finite element and other computational
approaches have been used to investigate nonlinear
deformation, snap-through behavior, residual stress
development, and stable equilibrium configurations [5-
7)-"However, accurate prediction remains challenging
because\ of material anisotropy, nonlinear geometry,
interlayer bonding, process-induced defects, and time-
dependenteffects[6, 7]. Integration of experimental
characterization with numerical modeling is therefore
essential for improving prediction accuracy and design
reliability.

From an application perspective, bistable and
multistable “structures«" have progressed beyond
fundamental “mechanical ) demonstrations  toward
practical engineering systems [5]. The literature reports
applications in deployable aeraspace structures, soft
robotics, biomedical and wearable devices, mechanical
metamaterials, vibration control, and energy harvesting
[5]. Recent studies also indicate “an increasing
convergence between multistable structures,
programmable materials, machine learning, and data-
driven design, which can provide new opportunities for
automated optimization and customized structural
responses [3].

Despite these advances, the literature reveals several
persistent research gaps. The absence of unified design
frameworks for predicting and controlling multiple
equilibrium states remains a major limitation [5, 6]¢ In
addition, the strong dependence of mechanical
performance on manufacturing parameters, limited
understanding of long-term effects such as creep and
fatigue, and the computational cost of nonlinear
multiphysics simulations restrict the scalability and
reliability of current approaches [6, 7]. Future research
should therefore focus on integrating experimental
testing, high-fidelity numerical simulation, advanced
optimization, and intelligent data-driven methods to
develop reliable and programmable multistable
structures [3].

4. Cinclusions

The systematic review of 69 studies demonstrates
that bistable and multistable structures have evolved
from conventional mechanically induced configurations
toward programmable and multifunctional systems. The
reviewed literature  confirms  that  additive
manufacturing, particularly Fused Filament Fabrication,
provides new opportunities to control structural
geometry, material distribution, anisotropy, and
process-induced effects, thereby enabling greater
control over stable configurations and mechanical
responses.

The findings further indicate that thermal residual
stresses, pre-strained layers,  geometry-driven
mechanisms,  bio-inspired and  origami/kirigami
architectures, and composite materials provide distinct
approaches for achieving bistability and multistability.
However, reliable prediction and control of multiple
equilibrium states remain challenging because of
nonlinear structural behavior, material anisotropy,
manufacturing variability, and time-dependent material
effects.

Future research should therefore emphasize the
integration of experimental characterization, numerical
simulation, advanced optimization, and data-driven
methods. Such integration can support the development
of reliable, programmable, and multifunctional
multistable structures and accelerate their transition
from laboratory-scale concepts toward practical
engineering applications.
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Figure 1. a) Venus flytrap, a natural example of a bistable system, in the open state; b) in the closed state [13]; ¢) a
bistable composite sheet with an asymmetric [90/0] layup in the first stable state; d)uin.the second,stable state [1].
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Figure 3. Reconfigurable bistable structure fabricated by three-dimensional printing using®FFF with PLA filament,
based on the thermomechanical diagram [13].
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Figure 4. (a) Formation behavior of the 3D-printed bilayer structure, which remains flat below the glass
transition temperature (Tg)-and exhibits bistability when activated above Tg. (b) Bistability can be extended
to multistability throughtappropriate structural design. (c) Bilayer structure and clip design fabricated using
iron and PLA filaments, with the clip actuated by a magnet [48].
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Figure 5. (a) A 3D-printed sample on a stretched mesh exhibiting a dome-shaped bistablesconfiguration. (b) Bistable
samples printed on a stretched mesh. (c) A multistable structure developed for installation on building facades to control
the intensity of solar radiation entering the building [32].
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Figure 6. (a) Schematic of a hybrid bistable soft bending actuator. (b) Energy diagram/of the'pre=stretched spring-based
axial bistable actuator. (c) A nature-inspired crawler fabricated using a spine-like actuation mechanism [2, 49].
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Figure 7. (a) Two stable states of a 3D-printed bistable structure with ball-and-socket joints.\(b) Simulated energy diagram
of the bistable structure under twisting. (c) Two stable states of a 3D-printed rotational bistable structure connected by a
pin. (d) Energy diagram of the rotational bistable structure under different boundary conditions{2, 51]

\Y



o Cu gl grcdodld -F-Y

Tl [Y e Tog5 anl Ll 55 (s0gnme o 00l drwgs g S gy BLII L baca jemels o Tl la laubgs aSiul 4y ol b
Glaasoly Ly sies LI wilgin B ogas Jsous \;él.,,.ﬂ S5 oleilx ofiws G 1) Ol cadld b cole gamdn sy olKiws
CoiS g oo 35 5 B S S Jeld cle sl b OMSe 0lKiws o 5l e aes 18 mhaw (g9, calise
il ol 4ty 5o ol oleilr 5 Glasn el 00le ;0 atds BLIN 0,5 0 )l5 b s 0908 2ol 5 (s ) Stz
Se o Casiiglaars) b lial da Al pe 0 iSOy dtugn jsb a (Aded T Henl) (o jgelS ol Cosls Al S Sl
ailes iolesl 2 bagels 5 slowl olysds 4l b il Y iz caulys (5505 00l b 08 la age SO jenelS 4Y ST
@ 2bod LG 5 e r S agly SIE wle slalgial e adsl ol awaia b lulss JU alaite adgs 4y pladl Ao
a5 wols Ol mlstans 5 s S ojlul diged po sl pgs 9 ol Jlal Cl gt 39l (w2 s lbed JB3, Gl 590 (s 5lbgd
glad gl i glieS (JEl g9, p Kot b U oz G g LAY cnd Cwlbis (BL 5 515 4y
el a0 o agly 0 @5e A cwbs aalidl o ls 1) Lt iy G 605,15 aysly slee ol o andl i ls gkl
rlple 9,00 o 5l 5lubgs Sole el i I D jge 0 Ll wgd oo Sl i (sl Y (5950 5 (S I
Dol Cuole ) Cuga sy jd oalo 135 (635l 5 (e (B Gl (3l Sanl Y Aty (b Sl

[¥e]ouds o gl cowdld b,y 3l ooliiwl b g Il Wi il gl Cdlo A JSCi
Figure 8. Different multistable configurations achieved using the reinforced filament method[20].
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Table 2. Qualitative comparison of additive ing processes used to create bistable/multistable
.structures based on fabrication characteristic
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ble 3. Analytical comparison of the four main approaches for achieving bistability/multistability in additive
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Figure 9. Simulation of the morphingprocess of bistable polymer composite structures[54]
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Table 4. Summary of common numerical approaches for simulating bistable/multistable structures
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Figure 10. One-dimensionaltwo-dimensional, and three-dimensional multistable structures: (a) fully compressed

state; (b) fully stretched state with reconfiguration; (c) fully compressed three-dimensional state; and (d) fully
stretched three-dimensional state [15].
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Figure 11. Design of a highly reconfigurable multistable structure: (a) two-dimensional assembly of a unit cell
and its minimum-energy configuration;.(b) combination of unit cells resulting in a multistable structure; and
(c) highly anisotropic composite strips producing additional stable configurations [14].
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A Review of Methods and Principles for Creating
Bistability Using 3D Printing

Zehtabnajafi. D, Golzar. M!
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ABSTRACT

Bistable and multistable structures have attracted significant attention in recent years because of their ability to
maintain multiple stable equilibrium states without continuous external energy input. These characteristics make
them promising candidates for the design of adaptive, programmable, and intelligent structures. The rapid
development of additive manufacturing, technologies, particularly Fused Filament Fabrication, has created new
opportunities for realizing such’structures by enabling precise control of material anisotropy, thermal residual
stresses, pre-strain, and structural geometry. This review presents a systematic overview of the fundamental
principles and methods used to achieve bistability and multistability through 3D printing. The reviewed approaches
include the controlled use of thermal residual stresses, pre-strained layers, geometry-driven bistable mechanisms,
bio-inspired architectures, origami and kirigami based concepts, as well as reinforced and composite filaments. The
literature demonstrates that by tailoring-extrusion paths, layer orientations, thermal history, and material
distribution, the potential energy landscape of printed.structures can be effectively engineered, enabling control over
the number and stability of equilibrium states. These capabilities have led to applications in soft robotics, deployable
aerospace systems, biomedical devices, energy<harvesting technologies, and adaptive metamaterials. Finally, key
research challenges are discussed, including the prediction of stable equilibrium states, the dependence of mechanical
performance on printing parameters, time-dependent.material effects such as creep and fatigue, and the lack of
comprehensive analytical design frameworks. Futureresearchidirections toward the development of next-generation
programmable multistable structures enabled by additive manufacturing are also outlined.
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