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ABSTRACT: Bistable and multistable structures have attracted significant attention in recent years Review History:

because of their ability to maintain multiple stable equilibrium states without continuous external energy  Received: Jan. 28, 2026

input. These characteristics make them promising candidates for the design of adaptive, programmable,  Revised: Jul. 25, 2026

and intelligent structures. The rapid development of additive manufacturing technologies, particularly — Accepted: Aug. 04, 2026
Fused Filament Fabrication, has created new opportunities for realizing such structures by enabling Available Online: Sep. 07, 2026

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  Keywords:
bistability and multistability through 3D printing. The reviewed approaches include the controlled use g 11

of thermal residual stresses, pre-strained layers, geometry-driven bistable mechanisms, bio-inspired 3D Printing
architectures, origami and kirigami based concepts, as well as reinforced and composite filaments. The Multistable

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.
Future research directions toward the development of next-generation programmable multistable
structures 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

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

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
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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,
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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[3-5]. These
approaches provide different levels of control over the
number of stable states, deformation magnitude, energy
barrier, structural stiffness, and reversibility [4, 5].

A major finding of the 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 but as 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
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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-dependent effects[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 aerospace
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 forpredictingand controllingmultiple 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- Conclusions

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,
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programmable, and multifunctional multistable structures
and accelerate their transition from laboratory-scale concepts
toward practical engineering applications.
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Fig. 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 [0.90] lay-
up in the first stable state; d) in the second stable state .
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cluded in this systematic review, based on the PRISMA guidelines.

aldlas a8 obj,l -V =Y

ol b5 5 saye ol o il ol I sbinn
Suban/ey slaojle oje (culS Gldlas CusS werge Jalod
w2y b8 3 awyp 390 (Al Lo laby) 4 oy
s i ops Ollas | egiie il ojo> cnl Glagingy Sl
5 it syline olul  CaS” b5yl Wigdie Jols 1) Lo
b ool gl gl ¢ ol bl olsee

sloyiahly g il gy cudlad (1) i Jald jlme iz yglate ol (sl
Zeeslitel (V) eyl Sl s 9 (SolSe oo (V) el sl
53 155, b gt LU (8) 5 ol gy ol (F) s b oy
0eLaB I YUY oo siliel line o gl s 485 )5 ) (g lolsix
ol @l el e g basgie whims CoaS SOl ol e & L
el 035 &)V gt 55 s pgoe lalllan 51 solass sl o)

el coniin ldllan el o o odaline Y Jada 13 &S 565 lon
S gy b okimd sl 45 Wlod S S 1y 10 5 VE BT IS
Sz lojen ) s 4 FA gV Y gl i 059 .ol )] conlio
VL 3l 8 (o litel 5 e (SOl Jiloo sl a8
lasigy gyl )3 ke phe 5 S5 s12yg Slitul Cullh
(V] gpe dlos 5 llllne 5y« blie 5 blectls lia ol Lo
(odine SRS 5 (ALl slenl Glale I gniad)) o) le
193 )8y gole Jolow i L (ybg) Slije ()15 53 Cadgiome Jda,
3903 C8b)d (5 omly jltel sy lubis

sy SIS Lol 5 y9p0 Al s > L) ol @lo

yva

bl yg 50 (oulid g, -Y

ol @l gormtun Mgl BB g aiepllas 9,0 S ploxl pslaioey
B Yer Jlo )l @Vla oy loj ojl i plo] o3l slaolSoly 5
95 slaojlo b ladye wis 5 adol Slalllas b s aid )5 Jlas )3 Y4V
b gt a8 g 00l (g (oal3l ol slacsysld 5 bz
ol sz sboosls Glukgs (sbaojls o olaejlondds oS 5 jl eslinu]
IS 0% ¢ g (6 IuLL 0ndBed ciodd b il o dulbl cile
W pdy O)jgo (Sl dlgel B

S99 eivgk OVle () ideld adllae 4 3959 sbajbns
olubaia/gy gojle b lad e Oldllas (Y e OMoxe )0 0id piiiio
(F 5 SolSo Jld) (il 5 gamanw Sla b by slaings, (7
slie Goned gy prine (634 b (228 (Sl Jelow sl lalllas
5, 0y IS oMbl 1306 1zl Wlis padge b paiiues bl 45
313 35 305 )l e 3 Slge slasia 1 Byeo b v (SISe
s 5 )85 Slalllae Blo Iy S Bl Ly 1015
g8 olol gy Sbl ple plie (Vlie o5 (e 5 008> lyie
PAD (G pdied (SSle Julod g Cale ) syl sbul ) gjle
b0 ool oy Cs2)le (olil p ©Vlae ()86 5 Sl il 8
ol 3l adlae ol b GRIBI e 018 WSSl Cullb 5 codlad
oslitsl gulto sl 4T (gjlocblas clainl, olyicds 1y Lo
S e

1. PRISMA



Yoo BYVE domis A0 Jlu ¥ o)l A 6153 6y puel SilSn i s

U8, L b3 g sl il ooy 355 s L (Sl oo (b lus 1Sy Candliel sl 1 ciine ilalllan S syl ) Jois
“Sylnbnalgd

Table 1. Qualitative assessment of the selected studies based on the transparency of the fabrication method,
mechanical analysis, experimental validation, reproducibility, and relevance to bistable/multistable behavior.
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2. Glass Transition Temperature, (Tg)
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Fig. 3. Reconfigurable bistable structure fabricated by three-dimensional printing using FFF with PLA filament,
based on the thermomechanical diagram [13].
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Fig. 4. (a) Formation behavior of the 3D-printed bilayer structure, which remains flat below the glass transition tem-

perature (Tg) and exhibits bistability when activated above Tg. (b) Bistability can be extended to multistability through

appropriate structural design. (c¢) Bilayer structure and clip design fabricated using iron and PLA filaments, with the
clip actuated by a magnet [48].

Ol @l Jilog 00,5 (g)lubaiy slml 4 v Wl o (mablite b
ST o)l 93 ales @i g Y (ym (1155 by Cond & 0300
g LAY ple (15,5 BT (il s jlubes Jl8) Jpus 5
59l Cppo 3 Ll g o0 pgd b (5l g 0ad 0333 (51 38
D) o 3 ol (Sl ke |l

Soloxe Sy 5 (Sojed oy p S L [TY] 0 en 5 (luwsdsy
0l o30S slog)58 g9y p Plr @ P8I (ghayael sy LB claojlul s
L calo yogy dowg olisl @0 IS8 Bllas a5 Cygo pl & 03505
b5l e g 03908 ) cnl ) 2 Sl 4 plidl Gl caad
sl 5l wiga aiz b0 IS5 widgad sl jlulaia/sy Jobo S
swp0 i |y ol ) Jeols by

bl ylubaiz slaojl daJsho cnl (35518 @ LS o L oS
sdnlie =0 S )3 o &S0l siuilys sy lubtiz (yaln b g
SloS S5 55 mal jobites gladed clagledlo glod )3 090
he) ol Lol sl eslial ezl 51 55 dudyss 45 Ll 5l Jeols
Siarl slod g Sipl gladylulinl L g 039 (Sliios alsye > M
e a0l G a5 amy e i Lol 5yln cdlas JolS &g 4
23 5 ol 31y e Lalag 5 oozl slai 5 ol g o

YAY

Db Cymie 3,505y (nl (ol sailly 5l (So

(0555 ) o3 o30S &Y =Y =

b jseels sbacsyhubgs p bl L8 (bg) wsles j5 (sbe) (n
asl )8 i aY leslawl [FA FY]0 S sbol GUI ass
ol ediols slrojlo ;o Hlul cdls ks b g0 dbol (gly 550 g,
S H5sS d‘)-.’ g 5l 0193@ Dlony (slo s Bl (gl B sl
M&u%al%a@gbdtmqy)‘lJ&wwl&.&f\}ulié”;@%l%b
& e Y d).fu.e? 0 db)i}wl.} O-.’.I LR UL....» (X 5Y)
o3l g 39 o (glanind JEsl slod 3l 5YL slales (5 o5 JSis sl
S o 0blin &S Wlen .20)5 buls Sl s g o Mg
Ll lylisle 1) o4k, g ens Ol Hlisle I Soles @-F JSi
DS b claylislo ¢l 1) 593 onl b= ¥ S aad o L
S o s pmuibline b (SlKe K4 o0 cos C-F IS 5 byl

SilSe) ()18 Gl 0 04380 a8 aialy L lmo] oyl pogde

1. Saddle-shape
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Fig. 5. (a) A 3D-printed sample on a stretched mesh exhibiting a dome-shaped bistable configuration. (b) Bistable sam-
ples printed on a stretched mesh. (¢) A multistable structure developed for installation on building facades to control
the intensity of solar radiation entering the building [32].
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Fig. 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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Fig. 7. (a) Two stable states of a 3D-printed bistable structure with ball-and-socket joints. (b) Simulated energy dia-
gram of the bistable structure under twisting. (c) Two stable states of a 3D-printed rotational bistable structure con-
nected by a pin. (d) Energy diagram of the rotational bistable structure under different boundary conditions [2, 51].
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1. Automated Fiber Placement(AFP)
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Fig. 8. Different multistable configurations achieved using the reinforced filament method[20].
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1. Finite Element Modeling (FEM)
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Table 2. Qualitative comparison of additive manufacturing processes used to create bistable/multistable struc-
tures based on fabrication characteristics, mechanical behavior, and engineering applications.
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Table 3. Analytical comparison of the four main approaches for achieving bistability/multistability in additive
manufacturing.
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1. Abaqus
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Fig. 9. Simulation of the morphing process 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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Fig. 10. One-dimensional, two-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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Fig. 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 aniso-
tropic composite strips producing additional stable configurations [14].
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