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Shape memory properties of 4D-printed Kresling origami structure
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Abstract : Smart origami structures are an innovative class of structures that integrate the deployable characteristics of tradi-
tional origami geometry with the programmable responses of smart materials. These structures not only retain the core advantages of
efficient folding and deployment of origami but also enable adaptive actuation and morphological reconfiguration under external
stimuli, underscoring their broad potential in aerospace and advanced equipment. The Kresling structure, as a representative origami
configuration, provides a novel approach for the design of dynamic structures like morphing wings owing to its flexible axial
displacement degrees of freedom and superior mechanical performance. The structural parameters of the Kresling cell were first
defined, and a design methodology for the Kresling core was proposed. Subsequently, 4D printing with polylactic acid (PLA) was
employed to fabricate the origami unit, and its shape memory deformation behavior was verified. Numerical analyses were then
conducted using the finite element software ABAQUS, in which the Prony series and the Williams-Landel-Ferry (WLF) equation

were introduced to describe the viscoelastic behavior and time-temperature superposition characteristics of the structure, thereby
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enabling simulations of the shape memory response of both the unit cell and the Kresling core. In addition, partially actuated and
fully actuated deformation modes were designed for the Kresling core. Finally, by considering the cooling-induced shape-fixing char-
acteristics of the material, compression tests were performed at room temperature. Results show that the printed units exhibit favor-
able shape memory behavior. The recovery time at 100 °C is 22.3% shorter than that at 80 °C. However, an increase in cycle number
prolongs the recovery time and reduces the maximum recovery angle. Simulations indicate that stress and strain rise rapidly during
heating and loading. After cooling and shape fixing, the stress decreases slightly while the strain remains stable, and during reheating
for shape recovery, residual stress and strain are generated. The simulations validate the proposed approach, demonstrating that both
deformation modes of the Kresling core achieve excellent shape memory actuation. The compression tests demonstrate that the
specific energy absorption, average crushing force, peak force of the elastic section and stroke of the elastic section of type II Kruslin
core have increased by 30.3%, 32.45%, 64.38% and 46.65% respectively compared with type I, providing a quantitative basis for the
engineering application of smart Kresling structures.

Keywords : origami structure ; Kresling ; 4D-printing ; shape memory effect ; finite element simulation ; energy absorption
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Tab.1 Comparison of mechanical design synergy in active morphing structures

Types Deformation mechanism

Deformation and mechanical performance

Assessment

Ribbed

structure tural members
Chiral Rotation of unit cells and
structure bending at connections
Compliant Overall bending of
structure compliant segments
. . Rotation along crease
Origami £

structure Lo
tion in panel

Global buckling of struc- ~ Strong coupling between deformation and load bearing; high load
capacity but difficult to actuated

Clear deformation pathway but limited load-bearing capacity;
deformation mainly governed by rotation

Large deformation capability, but deformation mainly relies on
material compliance; load paths are not well defined

High mechanical programmability; deformation and load-bearing
lines with small deforma- performance can be balanced, enabling tunable configurations and
stiffness design

High load-bearing capacity, but unsuit-
able for low-stress shape-memory-driv-
en actuation
Difficult to serve as primary load-bear-
ing structures
Easy to actuate, but challenging to simul-
taneously achieve high mechanical
performance
Highly suitable for active morphing
structures, owing to its mechanical
programmability
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Fig. 1 Schematic of origami cell

P18 el JBE B THT 7 AT JE 2484 A 25 1] 18 L AT Ay 202
P 2 2 s 5 T MRS BT 7R TR SR IR S 45
A B T 25 (] RO R 1%, J U S s
ZICHIMER HAR(D) S EH) LT 2 e s
U7 Z I T AT S eSS £ (0) 221 IE
HELN) AR (T) e 40 st 45 AR AE A L
S A0, A Al 1 Je e 4 20 R 1) 45 14 4 9 1) 5
500 0 A2 ST 5 S PR A BT RITT Y o 45 ST P
BATT, FEF 9 YT, W P2 B Y T AR A TR AL (M)
Y2100 B3 0 e & MAE S5 s AL, ZE e %
W3] 4 R T2 S5 MR, A B 1 e 5 ) DA T2 e
B

(a) Perspective view
F2 s R oA R K
Fig.2 Schematic of Kresling cell

(b) Top view
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Fig. 3 Schematic of Kresling tube
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Fig. 4 Model and 4D-printed sample of Kresling core
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Tab.2 Parameters of type I Kresling tube core

Number D/mm H/mm 0/(°) T/mm
1 =30
2 30
3 =30
50 5 2
4 30
5 =30
6 30

Notes: numbers is the structure labels; D is diameter of the circum-
scribed circle; H is distance between the two polygons; 6 is clockwise
rotation angle between the corresponding vertices of the two polygons; 7'

is thickness.

R3 NEREHHEFREERSE
Tab.3 Parameters of type II Kresling tube core

Number D/mm H/mm 6/° T/mm
1-6 50 5 =30 2
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Fig. 8 Cyclic shape memory testing of origami cell
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Tab. 4 Coefficients of each term in the Prony series

Series G, K, z*
1 0.000 928 0 0.01
2 0.000 928 0 0.1
3 0.000 928 0 242.1
4 0.067 944 0 264.86
5 0.927 343 0 264.65
6 0.000 928 0 752.89

Notes: G, is relative shear modulus; K, is relative bulk modulus;

7Ris relaxation time.
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Tab.5 Parameters of the WLF equation

7,/°C C, c,
g

54 17.4 51.6

Notes: T, is the glass transition temperature; C, and C, are the mate-

rial constants in the WLF equation.
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Fig. 19 Shape memory simulation of Kresling core
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