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Rotary 4D Printing of Programmable Metamaterials on
Sustainable 4D Mandrel
Hesam Soleimanzadeh, Mahdi Bodaghi, Marzieh Jamalabadi, Bernard Rolfe,
and Ali Zolfagharian*

This paper presents a novel rotary 4D printing platform capable of producing
modular, multi-material, multi-stiffness cylindrical structures directly
on a programmable, shape-morphing mandrel. Inspired by bio-inspired
re-entrant auxetic geometries, the design incorporates a parametric zigzag
pathing strategy to dissipate stress and enhance resilience. The method
supports non-planar, continuous-path toolpaths, overcoming the limitations
of commercial slicers through a freely available open-source rotary slicing
algorithm. Comprehensive numerical and experimental studies to evaluate
strain energy distribution, stiffness tunability, and 4D recovery in re-entrant
auxetic structures and spiral joints. A data-driven predictive model is
introduced to link geometric and material parameters to final shape-morphing
behavior, reducing dependence on iterative simulations. The integrated
path-planning approach significantly distributes localized Von Mises stress,
particularly in hinge regions, while preserving global energy absorption. Using
Python scripting within the Grasshopper environment, the complete design-
to-G-code algorithm is developed, enabling direct fabrication of non-planar 4D
structures, including multi-spiral universal joints with programmable stiffness
and multi-degree-of-freedom motion. This work establishes a new paradigm in
rotary 4D printing by uniting algorithmic design, stimuli-responsive behavior,
and reproducible fabrication within a single open framework. It is concluded by
discussing broader implications for sustainable manufacturing, with potential
applications in soft robotics, wearable systems, and deployable structures.
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1. Introduction

Shape memory polymers (SMPs) com-
bine sustainability with adaptability,
enabling the design of engineering
structures that mimic nature’s flexibil-
ity and durability. Over the past two
decades, advances in 3D printing have
allowed precise layer-by-layer patterning
of SMPs, enabling unique biomedical
and engineering applications that were
previously unattainable.[1] By exploit-
ing the anisotropic properties of SMPs
and programming printing parameters,
3D-printed objects can be designed to
undergo controlled, stimulus-responsive
shape changes.[2] This capability has
given rise to 4D printing, where time is
integrated as a design factor, allowing
structures to either recover their original
geometry or transform into programmed
shapes. Such developments have opened
opportunities in biomedicine, engineer-
ing, agriculture, and manufacturing,
including multi-stiffness universal me-
chanical joints produced through non-
planar additive manufacturing (AM).[3]

Despite progress in 4D printing,
modular and systematic structures for

real-world use are still limited. Recent advances in AM have
enabled the creation of mechanical metamaterials—a class of
architected materials with unique properties rarely found in
nature.[4] Through deliberate design, features such as high
energy absorption[1] and quasi-zero stiffness[2,5] have been
achieved. Growing demands for extreme-environment applica-
tions (e.g., aerospace and deep-sea exploration), along with the
need for fuel efficiency, cost reduction, and sustainability in air-
craft, automotive, and biomedical sectors, have driven interest
in multifunctional metamaterials.[6] In particular, metamaterials
with tunable elastic properties offer the potential to create smart,
sustainable machines that reduce reliance on conventional elec-
tronic control systems.[7] Yet, most existing designs remain lim-
ited by fixedmechanical properties.[8] Amore advanced approach
involves reconfigurable metamaterials whose behavior can be al-
tered post-fabrication through external stimuli such as heat or
electromagnetic fields, enabling greater adaptability and broader
applications.[9]

Correspondingly, several ways for fabricating shape-shifting
structures are described throughout the literature.[10] Most rely
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Figure 1. Workflow for parametric design and design-to-G-code generation for a honeycomb re-entrant structure using NURBS control points. a) Seven
control points assignments modeled after bio-inspired curves, derived from the structural and aerodynamic properties of a bat wing. b) Specification
of individual auxetic unit cell dimensions. c) Establishment of guidelines to facilitate the identification of NURBS control points. d) Construction of the
base NURBS curve using seven predefined control points. e) Conversion of printing paths into discrete points, followed by their transformation into
polylines. f) Arranging the auxetic pattern along the X and Y directions on the flattened surface of the tubular platform, with Nx and Ny representing the
number of patterns in each direction, respectively. g) Representation of the printing path without a specified pattern. h) Representation of the printing
path with a zigzag pattern.

on active materials that change dimensions upon stimula-
tion, combined with planar AM methods.[11] In contrast, the
potential of fully non-planar 4D printing for shape-shifting
metamaterials remains underexplored. To date, research has fo-
cused primarily on planar AM of SMPs, overlooking opportuni-
ties offered by computational design for complex non-planar ge-
ometries. Limited studies on continuous 4D printing show that
it can reduce support material waste, yield more homogeneous
structures with reliable programming, and enable comprehen-
sive evaluation of adaptivity through numerical methods.
In this regard, Van Manen et al.[12] demonstrated the poten-

tial of 4D printing for fabricating reconfigurable metamaterials
and devices, with a particular emphasis on tubular 3D print-
ing techniques. Recent work by Le Duigou et al.[13] and Josselin

et al.[14] has demonstrated tubularmeta-biocomposites fabricated
through rotary 3D printing of continuous fiber-reinforced struc-
tures, exploiting hydromorphic actuation to achieve controllable
rotation, torque, and shape change.While these studies highlight
the potential of bioinspired tubular designs, they primarily focus
on moisture-responsive actuation of fiber composites, whereas
our approach introduces an open-source, path-integrated rotary
slicing pipeline for multi-material auxetic metamaterials with
programmable, support-free toolpaths.
Byrne et al.[15] examined the use of 3D printing for tubu-

lar soft robots, highlighting the potential for enhanced flexi-
bility and adaptability in robotic applications. Several studies
have also investigated rotary mandrel 3D printing and the in-
fluence of process parameters. Guerra and Ciurana[16] fabricated
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polycaprolactone stents with a closed-diamond pattern using a ro-
tating mandrel, analyzing how printing settings affected dimen-
sional accuracy andmaterial distribution. Similarly, Zhao et al.[17]

produced PLA-based stents via FDM on a rotary mandrel, opti-
mizing rotation speed, temperature, printing speed, and nozzle-
to-mandrel distance. Singh et al.[18] further demonstrated the po-
tential of FDM with a rotating mandrel for manufacturing biore-
sorbable stents, improving precision and overcoming the limita-
tions of traditional planar 3D printing.
Researchers have optimized auxetic cells using FEM

methods,[19] isogeometric design,[20] and deep learning-
enhanced algorithms[21] to fully characterize 4D-printed
re-entrant unit cells. Both direct[22] and passive[23] 4D pro-
gramming of cylindrical auxetic re-entrant patterns have been
explored to enhance adaptability, while[24] investigated the shape-
shifting dynamics of tubular re-entrant structures, focusing on
recovery time under varying parameters. These studies high-
light the tunable properties of auxetic metamaterials and their
adaptability across applications. Numerous works,[25–30] further
demonstrate their versatility in biomedical devices, soft robotics,
and aerospace engineering.
It is worth mentioning that compared with

photopolymerization-based methods such as DLP, the pro-
posed rotary 4D printing pipeline offers several practical
advantages. First, it eliminates the need for support structures
during tubular fabrication, thereby reducing both material waste
and printing time. Second, the approach is more cost-effective,
as it relies on widely available FDM facilities and a broader
range of sustainable, bridgeable filaments such as PLA. Third,
the continuous, fiber-like toolpaths generated by our algorithm
provide mechanically stronger interfaces than voxel-based DLP
fabrication, where inter-layer bonding can be weaker. Taken
together, these features make the method more accessible, eco-
nomical, and mechanically robust for fabricating programmable
tubular metamaterials.
However, no prior studies have demonstrated a fully sustain-

able, parametrically designed non-planar 4D printing approach
using ready-to-use 3D printers that also incorporate path strate-
gies to minimize failure during shape-shifting. To address this
gap, we introduce a rotary 4D re-entrant mandrel capable of
adapting its dimensions, serving as a versatile platform for tubu-
lar 4D printing. This adaptive mandrel eliminates the need for
additional supports, enabling efficient and customizable fabri-
cation on diverse geometries. By integrating the auxetic man-
drel directly into the 4D printing process, our method provides a
self-contained, sustainable, and practical solution for tubular 4D
applications.
In this study, we present a parametric non-planar path-to-G-

code design algorithm that enables flexible and adaptive fabrica-
tion of diverse tubular structures. Implemented in Python within
the Grasshopper environment, the workflow ensures full cus-
tomizability and extensibility, allowing users to generate tubular
G-code for auxetic patterns and varied printing parameters with-
out relying on commercial slicers, which are not available for ro-
tary 3D printing. By facilitating seamless customization of design
parameters, the algorithm offers a versatile and precise tool for
tubular 4D printing, representing a significant step toward ad-
vanced non-planar fabrication.

We further integrate a mounted zigzag design path into the
auxetic rotary 4D mandrel, as path-level control in 4D printing
enables effective stress redistribution within tubular metamate-
rials. Unlike conventional slicers, this functionality has not been
available in any open-source or commercial software for non-
planar structures. The path-controlled design allows the man-
drel to accommodate a wide range of shapes and diameters with-
out compromising integrity or risking failure, while dynamically
adapting to external stimuli. In addition, we introduce an adap-
tive rotary 4D printing platform that supports multi-material in-
tegration and multi-stimuli responsiveness within a single fab-
rication process. By combining thermally and magnetically re-
sponsive materials with continuous non-planar path planning,
the platform enables programmable cylindrical structures with
complexmotion and tunable properties. The integration of bioin-
spired auxetic geometries and embedded zigzag paths ensures
real-time adaptability, while the open-source slicer provides ex-
tensibility and reproducibility across applications.
The structure was analyzed using FEM, accounting for both in-

stantaneous hyperelastic behavior and time-dependent viscoelas-
tic deformation of PLA. Strain energy evaluation at both nodal
and global levels showed that the zigzag-integrated design re-
duced localized stress accumulation by ≈36% while maintain-
ing comparable total energy absorption. Compared with a re-
entrant design without path control, the zigzag path effectively
redistributed stress away from hinge regions, preventing failure
during activation. These results demonstrate how optimized path
design enhances the integrity and durability of shape-shifting
materials under load. In addition, a data-driven predictive model
was introduced to correlate geometric and material parameters
with 4D deformation outcomes, reducing reliance on repeated
FEMsimulations. Overall, the PLA re-entrantmetamaterial cylin-
der provides a sustainable tubular printing platform with the
ability to dynamically change diameter and achieve rapid shape
recovery.
The 4D-printed tubular re-entrant auxetic platformwas further

used to fabricate a PLA spiral universal joint with tunable stiff-
ness, demonstrating the versatility of the developed approach.
Unlike recent studies on tubular 4D printing, our method intro-
duces an open-source, path-integrated rotary slicing framework
that enables support-free fabrication, dual-material integration,
and programmable toolpaths. Leveraging parametric design and
shape-shifting properties, the spiral joint adapts its mechanical
response to external conditions. FEM and experimental studies
confirmed the tunability and stability of the structure undermag-
netic and thermal stimuli. These results highlight how the pro-
posed platform advances beyond prior rotary approaches by en-
abling multifunctional, adaptable 4D-printed joints with direct
applications in engineering and biomedicine.

2. Tunable Re-Entrant Rotary 4D Mandrel

Materials and structures exhibiting a negative Poisson’s ratio,
known as auxeticmaterials, display exceptional mechanical prop-
erties. Under uniaxial compression, these structures experience
lateral contraction, a behavior opposite to most conventional ma-
terials. In this context, a re-entrant auxetic shape is chosen to
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achieve a negative Poisson’s ratio, ensuring that the volume in-
creases when themetamaterial undergoes expansion.[31] This de-
sign allows for the adjustment of the tubular auxetic metamate-
rial’s diameter, enabling it to function as a fully adjustable and
sustainable rotary mandrel.

2.1. Design

To enhance control over the diameter range of the proposed aux-
etic mandrel, one of our objectives is to increase the adaptability
of auxetic structures. This is achieved by minimizing the num-
ber of input variables while optimizing geometric design parame-
ters that dictate the cylindrical shape properties. To achieve this, a
re-entrant honeycomb auxetic cell is initially designed, inspired
by biological principles. Specifically, bioinspired cubic NURBS
(Non-Uniform Rational B-Splines) curves[32] derived from the
wing structures of bats, as shown in Figure 1a, are employed due
to their ability to provide C2 continuity, ensuring smooth defor-
mation even under large strains. This is particularly crucial when
the structure experiences significant changes in diameter.
The selection of bat wings was made anecdotally, inspired by

their ability to undergo significant joint and skeletal deforma-
tions while preserving the arc length of the structure. This anal-
ogy helped us conceptualize the use of control points to mimic
joint flexibility and guided the implementation of a NURBS-
based framework capable of generating diverse auxetic geome-
tries with smooth, length-preserving transitions. While not a di-
rect mechanical model, the bat-wing observation served as a use-
ful conceptual analogy to motivate our parametric approach.
To achieve this, we first flattened the tubular printing platform

to facilitate the calculation of the dimensions for each unit cell.
The width of each unit cell can then be computed using the fol-
lowing relation

Lnx =
𝜋(Dp + 2Phn)

Nx
=

𝜋DL

Nx
(1)

where Lnx, Ph denote the length of each cell in nthlayer, and layer
height, respectively. Dp represents the diameter of the initial
cylindrical printing platform,DL the diameter of the current layer,
and Nx denotes the number of unit cells in the honeycomb re-
entrant auxetic structure along the x-direction. Next, as illustrated
in Figure 1b, the unit cell is constructed using the input vari-
ables Nx, Ly, and Pt, where Pt represents the printing thickness
of each layer. To fully define the 4D printing behavior during the
3D printing process, three layers of printing will be included in
each re-entrant curve. As shown in Figure 1c, the guidelines for
drawing the honeycomb re-entrant NURBS are determined us-
ing an offset variable V1, which can be calculated as follows,

V1 = V1 .
Lnx
2

(2)

where 0 ≤ V1 ≤ 1 is an input design variable named as the nor-
malized offset value.
To complete the parametric design of the honeycomb re-

entrant structure, seven control points are defined based on

the guidelines, introducing a new variable V2, as shown in
Figure 1d,

V2 = V2 .
Ly
4

(3)

where 0 ≤ V2 ≤ 1 is an input design variable named as normal-
ized curvature value. The proposedNURBS equations, derivation
methods, and detailed specifications of the control points are pro-
vided in Note S1 (Supporting Information).
Next, for the purpose of generating points to construct the G-

code, the NURBS curve will be offset and mirrored along the
symmetry lines shown in Figure 1b. These curves will then be
segmented into 3D printing path points by defining an arbitrary
division value NP, producing a finite number of polylines, as il-
lustrated in Figure 1e. In the following step, the generated points
are arranged along the X and Y directions on the flattened tubu-
lar platform, with Nx and Ny indicating the number of patterns
in each respective direction, as illustrated in Figure 1f.
Here, we propose a novel approach to enhance the deformabil-

ity of 4D-printed tubular structures by optimizing stress distribu-
tion away fromhinged regions and toward other areas. To achieve
this, we explore various point placements and clustering during
the printing process to generate alternative printing paths. In this
paper, we introduce an algorithm to create diverse path patterns,
with a focus on a zigzag pattern generated by strategically di-
viding NURBS curves into appropriate segments, as shown in
Figure 1h.
The zigzag pattern is optimized to distribute bending, com-

pression, and tensile stresses across multiple focal points, mini-
mizing stress concentrations and reducing the likelihood of frac-
tures and structural failure. This design enhances the overall
durability andmechanical integrity of the structure. This method
aims to improve the structural flexibility and performance of the
tubular design. For different path patterns, the number of di-
visions, Np, should be calculated to ensure the optimal shape
is achieved without leaving any void or overlap spaces. For the
zigzag pattern,Np is calculated by dividing the printing thickness
by the length of the curve, as shown below:

Np =

[
∫
un
u0

𝜕C(u)

𝜕u
du

Pt

]
(4)

where u0 and un are the bounds of the parameter u, typically de-
fined by the start and end knots, and C(u) denotes NURBS equa-
tion described in Note S1 (Supporting Information).

2.2. NURBS Symbolic Regression

The theoretical and numerical computation of Equation (4) is
computationally intensive and time-consuming, making this
class of well-optimized curves less attractive for many re-
searchers. In our NURBS curve formulation, six dependent vari-
ables influence the final shape: DL, Nx, Pt, Ly, V1, and V2. The
first five variables control the size of the curve within a unit cell,
as well as its stretching and compression characteristics. In con-
trast, V2 governs the smoothness and curvature of the NURBS.
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It is important to note that alternative classes of curves may yield
different shapes, typically involving only the first five variables.
One of our primary objectives is to estimate the governing equa-
tions of the NURBS curve to enable more efficient computa-
tions. To achieve this, we employed Symbolic Regression (PySR),
which, unlike traditional regression methods that fit data to a
predefined model, explores the space of mathematical expres-
sions to identify the model that best describes our data without
requiring the complexity of a full neural network. We provided
the model with 300 data points sampled from the NURBS, de-
termined by all variables except V2. Given our hypothesis that
the equation may involve trigonometric functions, we included a
range of functional forms—polynomial, Gaussian, sigmoid, ex-
ponential, and sinusoidal—in the algorithm. The algorithm then
minimizes the mean squared error (MSE) to identify the optimal
model. Ultimately, the resulting equation was found to be sinu-
soidal, as follows:

C (u) ≈
𝜋DL

2Nx

[
1 − 2V1

]
sin

(
𝜋

Ly − Pt
u
)

(5)

where 0 ≤ u ≤ Ly − Pt.
Subsequently, to calculate the arc length of C(u) for use in

Equation (4) and to further determine the Poisson’s ratio and rela-
tive density of the auxetic structure, we applied Simpson’s rule to
the Equation (5).We then calculated the curve lengths by integrat-
ing the derived equation and compared the results with the true
lengths obtained from numerical simulations in Grasshopper.
This comparison revealed a discrepancy, leading us to conclude
that the influence of V2 cannot be neglected. In response, we
updated the PySR model by incorporating polynomial terms and
using both the curve lengths calculated from the Equation (5) and
V2 values, along with other relevant features, as inputs. The true
arc length of the NURBS, calculated from 32,400 data points, was
provided as the output. Given the true values, PySR generated the
following equation for calculating the curve length, achieving an
R-squared error of 0.9995:

CL =

(
1 −

V2

4

) ⎛⎜⎜⎜⎝
(
Ly − Pt

)2 + ⎛⎜⎜⎜⎝
(
1 − 2V1

)
𝜋DL

Nx

⎞⎟⎟⎟⎠
2⎞⎟⎟⎟⎠

1
2

+

(
V2

4

)(
Ly − Pt +

(
1 − 2V1

)
𝜋DL

Nx

)
(6)

and consequently, the Equation (4) can be rewritten as:

Np =
CL

Pt
(7)

Since the mechanical properties of a structure are inherently
linked to its relative density, Figure 2 presents a comparison
of the influence of key variables on the relative density of aux-
etic metamaterial structures. This comparison highlights how
changes in structural parameters affect the overall mechanical
behavior. The detailed formulation and derivation of the auxetic
metamaterials are provided in Note S2 (Supporting Informa-

tion), offering insights into the relationship between design
variables and their impact on the mechanical performance of
the metamaterials.

2.3. Tubular G-code Algorithm

Currently, there is no commercially available software designed
to generate non-planar G-code for hobbyist FDM 3D printers. In
response to this gap, we propose a direct design-to-G-code al-
gorithm using Grasshopper. The algorithm first generates aux-
etic patterns based on user-defined printing parameters, and
then automatically generates the corresponding G-code tailored
to specific user inputs. This streamlined approach simplifies
the process of creating non-planar prints, making it more ac-
cessible for a wider range of users. To achieve this objective,
the algorithm depicted in Figure 3 is designed as a recursive
process for each layer, enabling users to specify distinct print-
ing parameters and paths for each layer, thus facilitating the
programming of 4D behavior in 3D-printed polymers. As il-
lustrated, the algorithm begins by accepting user inputs, in-
cluding parameters such as printing head travel speed, feed
rate for active and passive layers, printing temperature for ac-
tive and passive layers, filament diameter, and additional afore-
mentioned variables Dp, Ph, Pt, n, Ly, Nx, Ny, V1, V2, and O.
These inputs guide the layer-by-layer modification of the G-
code, enabling precise control over the 4D properties of the
printed structure. The algorithm, provided in Algorithm S1
(Supporting Information), generates various honeycomb auxetic
shape patterns within the Rhino environment while simulta-
neously producing tunable G-code within the Grasshopper en-
vironment. This integrated approach allows for seamless pat-
tern generation and G-code customization, facilitating the pre-
cise programming of desired 4D behaviors in the final printed
structure.
Furthermore, the algorithm is capable of generating tunable

shape-morphing patterns through a 2D gradient of V1 and V2
variables, as illustrated in Figure 4. The auxetic flattened pattern
can be adjusted to exhibit various shape-morphing phases. In this
paper, we focus on the cylindrical auxetic shape with constant
variables, serving as a foundational study for further advance-
ments in non-planar 4D printing of tunable shape-morphing
patterns. This approach lays the groundwork for future explo-
ration of dynamic, programmable morphing structures in com-
plex geometries. More details about the proposed algorithm and
its workflow can be found in Note S3 (Supporting Information).
To generate the 2D gradient of the auxetic cell map, we em-

ployed a customized function defined by the two input variables,
V1 and V2. Each panel in the array (Nx × Ny) was assigned a

value determined by its local V1 and V2 coordinates, while all
other design coefficients were kept constant. The parameters
used in Figure 4 are the same as those listed in Table 1, ex-
cept for Nx = 8. Both V1 and V2 were varied linearly across
their domains, normalized between 0 and 1, to span the min-
imum and maximum gradient values. Finally, for each panel,
the extracted values were applied to the governing equations, di-
rectly influencing the curvature of the auxetic re-entrant NURBS
design.

Adv. Mater. Technol. 2025, e01581 e01581 (5 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202501581 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [05/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 2. A comparative analysis of the Influence of key variables on the relative density of auxetic metamaterial structures with constant thickness (Phn)
of 1.5 mm.

2.4. Fabrication

Since there is no commercially available software or 3D printer
specifically designed for tubular 3D printing, we utilized the
Snapmaker 2.0 A350 3-in-1, a widely accessible commercial
printer, making our proposed algorithm usable for both re-
searchers and hobbyist 3D printers without any hardware modi-
fications. Figure 5 shows a schematic of the printer and process.
The non-planar fabrication of the auxetic honeycomb re-entrant
structure is demonstrated in Supplementary Videos S1 and S2
(Supporting Information), while a small-scale auxetic metamate-
rial, 3D-printed using this algorithm, is shown in Supplementary
Video S3 (Supporting Information). Further details on the hard-
ware and fabrication process are provided in Note S4 (Supporting
Information).

2.5. Numerical and Experimental Characterization

2.5.1. FEA

To perform FEA for characterizing the behavior of tunable re-
entrant auxetic metamaterials, it is essential to first accurately

characterize the mechanical properties of the PLA material. Ma-
terials typically exhibit both instantaneous and time-dependent
responses, necessitating a combination of elastic and viscoelastic
models to capture their behavior. Classical viscoelasticity models,
such as the Kelvin-Voigt and Maxwell models, represent mate-
rial responses using springs (for elastic behavior) and dashpots
(for viscous behavior). In its glassy phase, while undergoes large
strains, PLA initially responds in a manner that can be modeled
as hyperelastic,[38] capturing its immediate deformation behav-
ior through an instantaneous modulus. As the material under-
goes relaxation over time, its response becomes viscoelastic,[39]

which governs its long-term deformation characteristics and
time-dependent modulus. Therefore, a combination of hypere-
lastic and viscoelastic models is required to accurately describe
the full mechanical behavior of PLA under different loading con-
ditions.
To consider instantaneous behavior of PLA, the hyperelastic

models’ full incompressibility is assumed in fitting the hyper-
elastic constants to the test data. As discussed in.[38] the Yeoh
model,[40] which represents the hyperelastic reduced polynomial
form for N = 3, provides the best fit for the mechanical be-
havior of PLA with 100% infill[41]. To account for the viscoelas-
tic behavior of PLA, a suitable mathematical model must be

Adv. Mater. Technol. 2025, e01581 e01581 (6 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Flowchart of grasshopper design-to-G-code algorithm to generate tubular G-code for parametric cylindrical honeycomb re-entrant auxetic
patterns.

integrated with the Yeoh model to incorporate the material’s
time-dependent response[42]. A key phenomenon observed dur-
ing long-term loading is stress relaxation, where the material’s
stiffness, both deviatoric and volumetric, decreases while the
strain remains constant. The Prony series is widely recognized as
an effective mathematical formulation to describe this behavior,
allowing for accurate modeling of the time-dependent reduction
in stiffness during sustained deformation.[36] The characteriza-
tion of the material, encompassing both instantaneous hypere-
lasticity and time-dependent viscoelasticity, along with FEA de-
tails are detailed in Note S5 (Supporting Information).

2.5.2. Poisson’s Ratio

To thoroughly characterize the behavior of a re-entrant auxetic
metamaterial during diameter changes caused by the reorienta-
tion of polymer chains as the material transitions to the glassy
phase of PLA, we first theoretically calculate the structure’s Pois-
son’s ratio. To address the limitations of existing research on
re-entrant auxetic metamaterials,[33–37] which typically derive
Poisson’s ratio formulations for specific geometric configura-
tions independently, we propose a unified approach. Moreover,
limited research has explored the impact of parametric design,
such as the application of sigmoid functions,[31] on the geomet-
ric characterization of re-entrant auxetic metamaterials. A com-
prehensive formulation that correlates all design variables to the
final geometric configuration has yet to be established. In this
context, it becomes feasible to investigate the influence of indi-
vidual design parameters by analyzing their respective contribu-

tions to the arc length of curves, as outlined in Equation (6). This
approach enables a deeper understanding of the role each param-
eter plays in shaping the final structure.
In this study, we introduce a single parametric relation that

can predict the Poisson’s ratio across varying geometrical inputs
without the need to monitor ligaments angular changes during
deformation. This generalized formulation streamlines the anal-
ysis by classifying the relevant parameters into three categories:
constants, independent variables, and dependent variables. This
systematic grouping allows for a more efficient and comprehen-
sive prediction of the auxetic behavior under diverse geometric
conditions.
As previously discussed, we have identified six independent

variables:DL, Pt, Ly,Nx,Ny, V1, and V2. During deformation, it is
evident that Pt, Nx, and Ny remain constant. Through a detailed

observation of the system’s behavior, we also conclude that V2,
which is associated with the curvature of the curves, remains un-
changed. However, as the input variable DL(diameter) changes,
both Ly and V1 are affected, indicating their dependence on the
variation ofDL. This relationship is crucial for understanding the
dynamic behavior of the system under deformation. Details on
the formulation of Poisson’s ratio are provided in Note S6 (Sup-
porting Information).
To validate the proposed formulation, a combination of ex-

perimental testing and FEA was performed. As illustrated in
Figure 6a, a specimen with a thickness of 1.5mm and an initial
diameter of 30mm, along with other geometrical dimensions de-
tailed in the Figure 6a, was subjected to deformation. The print-
ing parameters, as listed in Table S1 (Supporting Information),

Adv. Mater. Technol. 2025, e01581 e01581 (7 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. 2D gradient of auxetic cell mapping using independent variables of V1 and V2.

Table 1. Specimens’ 3D printing dimensions utilized in shape recovery ex-
periments.

Parameters Name Value

Dp Platform Diameter 30 mm

Ph Printing Layer Height 0.1 mm

Pt Printing Layer Thickness 0.6 mm

n Number of Layers 15

Nx Pattern Repetition Toward X direction 5

Ny Pattern Repetition Toward Y direction 3

Ly Height of Auxetic cell 20 mm

V1 Normalized Offset Value 0.15

V2 Normalized Curvature Value 0.5

were used to manufacture the specimen. During testing, the
specimen exhibited a diameter change from 30mm to 48mm,
where it approximately achieved its maximum Poisson’s ratio.
Notably, this occurred when the metamaterial reached V ′

1 = 0.5.
The theoretical simulation is provided in Algorithm S1 (Sup-

porting Information) through numerical simulation cluster,
where the aforementioned formulations are applied to model the
deformation of the cylindrical auxetic structure as it approaches
its glassy phase. Both FEA and experimental testing were per-
formed across different values of normalized curvature V2 and
Nx, as depicted in Figure 6b. In the FEA simulations, buckling
was observed in the ligaments at the top and bottom regions of
the structure (Figure 6c), resulting in a slight deviation from the
theoretical predictions. This buckling effect, however, does not

Figure 5. Configuration and integration of a commercial FDM3Dprinter with a rotarymodule for enhanced fabrication flexibility. a) The 3-in-1 Snapmaker
3D printer. b) The rotary module and setup utilized to perform non-planer 3D printing.

Adv. Mater. Technol. 2025, e01581 e01581 (8 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Characterization of Poisson’s Ratio for parametric NURBS re-entrant auxetic metamaterials. a) Theoretical, FEA, and experimental schematics
illustrating the deformation of the auxetic structure during 4D deformation. b) Comparative analysis highlighting the influence of key parameters on the
Poisson’s ratio of the auxetic metamaterial structure, with a constant thickness (Phn) of 1.5 mm. Data shown as mean ± SD (n = 3 specimens). No
formal hypothesis testing was performed. c) Observation of pure buckling in the connecting ligaments during deformation.

occur as prominently in physical experiments in all ligaments.
Consequently, the experimental results typically fall between the
theoretical predictions and FEA simulations, highlighting the
complex interaction between material behavior and structural
constraints.
Experimental tests and FEM simulations in Abaqus showed

good agreement, confirming that deformation occurred without
significant buckling artifacts. Minor local effects at the upper and
lower ligaments were observed but were negligible. The theoret-
ical formulation based on pure geometric deformation also accu-
rately predicted both the deformation and Poisson’s ratio, further
validating that the negative Poisson’s ratio is a structural effect
rather than a result of instability.

2.5.3. Path-Dependent Stress Distribution

As discussed in previous sections, the proposed algorithm facili-
tates the integration of path planning into parametric re-entrant

NURBS auxetic cell designs. In this paper, we have introduced a
zigzag algorithm for 4D printing, capable of adapting structural
configurations under varying external stimuli, such as thermal
effects.
Figure 7a illustrates the VonMises stress distribution in a con-

ventional cylindrical auxetic structure without the inclusion of
a path, by imposing maximum Von Mises stress bounds dur-
ing induced deformation through radial displacement from an
initial diameter of 30 to 48 mm in Tg = 61.5 °C. In contrast,
Figure 7b demonstrates how incorporating a zigzag path into
the re-entrant auxetic structure redistributes the stress concen-
tration from the hinge regions to the broader structure. This ef-
fect is further corroborated in Figure 7c, which shows the results
of FEA simulations on 50 specimens with and without the path.
The analysis indicates a significant reduction in the maximum
Von Mises stress when the path is included in the printed struc-
tures. Figure 7d presents a printed specimen with the zigzag
path, showcasing the algorithm’s precision and the successful
implementation of Equation (7) in 3D printing this class of

Adv. Mater. Technol. 2025, e01581 e01581 (9 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Impact of zigzag path inclusion on stress distribution throughout a cylindrical structure, particularly in the hinge region. a) Von Mises stress
distribution in a conventional cylindrical auxetic structure without path inclusion. b) Von Mises stress distribution in a cylindrical auxetic structure with
path inclusion, demonstrating the redistribution of stress. c) FEA simulations performed on specimens to evaluate the effects of path inclusion under
varying parameters. d) A 3D printed specimen incorporating the zigzag path, highlighting the precision of the algorithm and the successful application
of the path. e) The auxetic cell used in FEM simulations post-deformation.

structures. Finally, Figure 7e highlights the inclusion of the path
in FEA simulations in an auxetic cell, accurately capturing the
behavior of re-entrant auxetic metamaterials under deformation.

2.5.4. Shape Morphing Behavior

In this study, we investigated the shape memory behavior of 4D-
printed PLA parametric re-entrant auxeticmetamaterials by heat-
ing the metamaterial shell, with dimensions specified in Table 1,

in hot water until it reached its Tg = 61.5 °C. Subsequently, the
structure’s diameter was altered to 35 mm, as demonstrated in
Video S4 (Supporting Information). The shape recovery rate and
shape fixing rate of stents were recorded and analyzed, as shown
in Supplementary Videos S5 and S6 (Supporting Information).
The shape memory performance of the 4D-printed structures
was quantitatively evaluated using two key parameters: the Shape
Fixing Rate (SFR) and the Shape Recovery Ratio (SRR). Further
results and formulation are provided in Note S7 (Supporting In-
formation).

Adv. Mater. Technol. 2025, e01581 e01581 (10 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 8. Adaptive dual-material circuit algorithm with user-defined circuit path and dynamic inputs: a) V1 along the x-direction, b) V2 along the x-
direction, and c) V2 along the y-direction.

3. Adaptive Rotary Multi-Material Multi-Stimuli 4D
Printing

To make a fully adaptive 4D auxetic structure, we propose an ad-
vancement to our algorithm by introducing variable inputs V1

and V2 as depicted in Figure 4. To make the whole algorithm
more concise, we included the python scripting to ensure its re-
producibility and further development which can be found in Al-
gorithm S2 (Supporting Information).
To achieve a desirable and adaptive shape-morphing rotary

auxetic structure, the algorithm is further advanced to indepen-
dently generate a secondary path, allowing the creation of dual-
responsive 4D material systems. As shown in Figure 8, this
enhancement includes three dynamic inputs, each associated
with a range of programmable curve functions. These include
Bézier, bipolar, conic, Gaussian, linear, parabolic, Perlin, power,
sigmoid-logit, sinc, sine, sine-summation, and square-root

functions—offering a diverse and rich design space for dynamic
adaptability.
As an experimental case study, we employed a straight-line

path combined with three sine wave equations to demonstrate
adaptive programming using two materials: thermoplastic elas-
tomer (TPE) and iron-oxide PLA composites. This setup enabled
multi-stimuli programming by leveraging the 4D printability of
the selected materials. Detailed printing parameters, 4D adaptive
auxetic cylindrical structure parameters, and selected input func-
tions can be found in Note S8 (Supporting Information).
Additionally, the G-code files used for fabricating the adaptive

auxetic 4D cylindrical structures are provided in G-code S1 (Sup-
porting Information). A video demonstration of the printing pro-
cess is available in Video S7 (Supporting Information).
Using the detailed printing parameters, we fabricated adap-

tive 4D multi-material, multi-stimuli cylindrical auxetic struc-
tures, as illustrated in Figure 9. To demonstrate the adaptive 4D

Figure 9. Adaptive 4D programming of multi-material multi-stimuli cylindrical re-entrant auxetic structure.

Adv. Mater. Technol. 2025, e01581 e01581 (11 of 18) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 10. Novel Spiral Universal Joint. a) Workflow and input parameters for the spiral joint design algorithm. b) G-code simulation displayed in printer
slicer software. c) Final PLA 3D-printed spiral universal joint on the 4D mandrel.

programming capabilities of our printing algorithm, we uti-
lized stimulus-responsive materials—specifically leveraging a
magnetic field to dynamically alter the auxetic cell patterns
(Figure 9). Additionally, a PTC fan heater and a tempera-
ture gauge were used to heat the structures to the glass
transition temperature of the iron-PLA composite, enabling
shape deformation. A video demonstration of the program-
ming process is available in Video S8 (Supporting Informa-
tion). By combining this heating approach with a magnetic
mask, the re-entrant auxetic structures could be selectively de-
formed into various programmable shapes. This non-planar
4D printing method is introduced here to the best of our
knowledge, offering researchers a novel platform to explore di-
verse paths and strategies for programming complex auxetic ge-
ometries in 3D.

4. Rotary 4D Printing on a Rotary 4D Mandrel

To advance the development of a commercially viable, ready-to-
use setup for hobbyist 3D printers, we propose an adaptable sys-
tem capable of 3D printing tubular structures with variable di-
ameters. This setup incorporates a flexible platform that allows
for the adjustment of the platform diameter, enabling users to
print on a wide range of cylindrical shapes and sizes. To achieve
this, we introduce the use of auxetic metamaterials as a 4D man-
drel. Auxeticmaterials exhibit a negative Poisson’s ratio, enabling
the rotary mandrel to expand or contract its diameter as needed
during the printing process and subsequently return to its orig-
inal shape after recovery with 4D programming. This reversible
deformation enhances the versatility of the mandrel across dif-
ferent print geometries. To explore this feature, we examine the
potential of the proposed setup to introduce innovative tubular
structures, leveraging our algorithm and the rotary 4D mandrel,
as discussed in the following section.

5. Parametric Tubular 4D Universal Spiral Joint

To fully investigate the potential applications of the proposed
setup, we introduce a novel tubular 4D universal joint. Previ-
ously, such a design was impractical to fabricate without sup-
port structures and could not be printed in a continuous, un-

interrupted path on a ready-to-use platform. This innovative ap-
proach leverages the unique capabilities of the setup to enable
the seamless production of complex geometries, expanding the
scope of 3D printing technologies in manufacturing functional,
pre-assembled components.
A novel tubular 4D universal joint is proposed, as shown in

Figure 10. The design algorithm, illustrated in Figure 10a, en-
ables the creation of multiple spirals along the x and y directions.
The flattened design is wrapped around the printing platform ac-
cording to the 4D mandrel diameter, allowing for 3D printing
across diverse diameters and achieving tunable stiffness along
both the X and Y directions. Algorithm S3 (Supporting Infor-
mation) provides further details on this algorithm, including the
design of spiral shapes with customizable features and param-
eters, and additional insights about the spiral design algorithm
are available in Note S9 (Supporting Information).
The generated G-code can be printed using the specified men-

tioned commercial 3D printer or any 3D printer capable of rotary
motion, simulating printing paths as depicted in Figure 10b. The
fully functional 4D mandrel is demonstrated by printing spiral
joints on a rotary 4D mandrel, as shown in Figure 10c. Initially
printed with a diameter of 30 mm, the 4D mandrel is then ad-
justed to a diameter of 35 mm. The parameters for the printed
universal spiral joint are provided in Table S6 (Supporting Infor-
mation). Additionally, the G-code files for the auxetic 4D man-
drel and the universal spiral joint are provided in G-codes S2 and
S3 (Supporting Information), respectively. A video demonstrat-
ing the printing process on the 4D mandrel is available in Video
S9 (Supporting Information).

6. Results and Discussion

6.1. Bio-Inspired Parametric NURBS Re-Entrant Auxetic
Metamaterials

In this study, we present a novel class of NURBS-based re-entrant
auxetic metamaterials, inspired by the remarkable flexibility and
control exhibited by bat wings (see Figure 1a). The proposed de-
sign algorithm facilitates the generation of a broad range of C2-
continuous curves, well-suited for diverse motions and 4D pro-
gramming applications. These curves are parametrized by a com-
bination of printing and geometric dimensions, and to accurately
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characterize this class, we apply symbolic regression, achieving
an exceptional R2 accuracy of 0.9995. Using the resulting numer-
ical equation, we derive a comprehensive model that accounts
for all design parameters, enabling precise calculations of rela-
tive density and Poisson’s ratio. These parameters are critical, as
they directly influence the auxetic cells’ shape-morphing behav-
ior and their adaptive mechanical properties.
Through symbolic regression, we identified a novel paramet-

ric approach to derive a universal relation for calculating the rel-
ative density and Poisson’s ratio for this class of curves. Given
that a structure’s mechanical properties are fundamentally tied
to its relative density, and its deformation is strongly associated
with its Poisson’s ratio, thismethod enables an effectivemeans of
quantifying these attributes. Our findings confirm that the cal-
culated relative density aligns within an acceptable range (0.05–
0.95), validating the accuracy of the generated re-entrant auxetic
NURBS. Furthermore, for optimal curve shapes and re-entrant
configurations, it is recommended to aim for relative density val-
ues within a narrower range of 0.1–0.5.
Subsequently, we derived a parametric relation for Poisson’s

ratio, enabling the simulation of 4D cylindrical shells by captur-
ing changes in diameter and deformation patterns. The results
reveal an extensive range of Poisson’s ratio values, from −0.5 to
−15, highlighting significant auxetic potential. Notably, the max-
imum Poisson’s ratio is achieved when the normalized offset
value reaches 0.5, at which point the curves form fully straight
lines. This simulation is provided in detail in Supplementary
Algorithm S1.

6.2. Design-to-G-code Tubular Algorithm

Given that nonplanar printing of tubular structures has yet to
reach commercialization, we propose a novel and fully paramet-
ric design-to-G-code algorithm, illustrated in Figures 3 and 8,
which enables users to directly generate customized G-code for
rotary 4D printing on any printer equipped with rotary motion
capabilities. This algorithm was developed using Python script-
ing within the Grasshopper environment, ensuring reproducibil-
ity, extensibility, and full integration with user-defined auxetic de-
signs. It also supports multi-material assignment along the tool-
path, enabling fabrication of structures responsive tomultiple ex-
ternal stimuli.
To support full adaptability, we further advanced the algorithm

by introducing dynamic input variables V1 and V2, enabling the
generation of dual-response paths for programmable material
control. These paths can be defined by a library of curve functions
including Bézier, conic, sigmoid-logit, sine, and Perlin curves, of-
fering rich flexibility in designing morphing behavior. As a case
study, we demonstrated the algorithm’s practicality and repro-
ducibility using an affordable, commercially available 3D printer,
showcasing its ability to produce a wide variety of re-entrant tubu-
lar auxetic metamaterials efficiently and with no material waste.
For instance, the provided G-code S1 (Supporting Information)
was analyzed under two conditions: printed with planar slicing
and using the rotary algorithm. The rotary approach resulted in a
70% reduction inmaterial usage by eliminating the need for sup-
port structures. Additionally, printing time was reduced by nearly

50%, significantly lowering electricity consumption and labor
requirements.
The algorithm was experimentally validated through the fab-

rication of adaptive structures using TPE and iron-oxide PLA
composites. Using a combination of straight and sine-based dy-
namic paths, we demonstrated dual-material and dual-stimuli ac-
tuation capabilities—thermal andmagnetic—within a single pro-
grammable tubular structure.
To further emphasize the sustainability aspect of this platform,

and to align with circular energy goals, we explored the use of
fully plant-based, biodegradable PLA filaments. In combination
with iron-PLA composite filaments, this setup allows for dual-
stimuli 4D programming—thermal andmagnetic—within a sin-
gle printed structure. This approach broadens the scope of 4D
programming for tubular auxetic metamaterials, eliminating the
need to print multiple geometries for different diameters and re-
inforcing environmentally conscious design practices.

6.3. Path Integration

To enhance the functionality of the tubular auxetic structure, we
propose incorporating patterned paths, such as a zigzag trajec-
tory, within our design-to-G-code algorithm as a demonstration.
This addition broadens the structural adaptability and mechani-
cal versatility of the auxetic design. By incorporating a zigzag path
during the printing of auxetic cells, the concentration of stress
is redistributed from the hinge areas to the broader structure.
This redistribution mitigates the likelihood of localized failure,
improving the overall structural durability, recovery rate, and ex-
tending the functional lifespan across multiple use cycles. As de-
noted in Figure 7, the incorporation of a zigzag path notably re-
duces the maximum Von Mises energy within the elements of
the structure, indicating a significant decrease in localized stress
concentrations. By examining 50 specimens, as detailed in previ-
ous sections, we observed an ≈15% reduction in maximum Von
Mises stress when incorporating optimized fabrication paths for
parametric re-entrant auxetic metamaterials. This stress reduc-
tion underscores the structural benefits of tailored path strategies
in enhancing the mechanical resilience of these metamaterials.
To evaluate themechanical influence of the zigzag path design,

we applied a uniform linear pressure gradually increasing from
0 to 0.15 MPa on the inner surface of the structure to simulate
4D programming phase. In both the zigzag-path and path-free
auxetic structures, we identified the maximum strain concentra-
tion point by analyzing the logarithmic strain (LE) field output
across all nodes. The node exhibiting the highest principal strain
at peak deformation was then selected for detailed strain energy
analysis. As shown in Figure 11, the nodal strain energy at this
critical point was consistently lower in the zigzag-path structure,
exhibiting an average 36% reduction compared to the control
configuration.
While the strain magnitude at these points was comparable

between both designs, the strain energy was significantly lower
in the zigzag-path case. This can be attributed to a more favor-
able stress distribution enabled by the compliant zigzag geome-
try, which reduces local stress concentrations and internal energy
accumulation. Furthermore, the total strain energy of the entire
structure, plotted over time in Figure 11, was found to be nearly
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Figure 11. Nodal and total strain energy during 4D programming in zigzag-path and path-free auxetic structures. A uniform linear pressure (0–0.15
MPa) was applied to the inner surface. While total strain energy (≈100 mJ) is similar in both cases, the zigzag-path structure shows ≈36% lower nodal
strain energy at the high-strain point, indicating improved local stress distribution.

identical between the two configurations≈100mJ at peak strain).
This suggests that the zigzag-path structure maintains similar
global energy absorption capacity, but redistributes strain energy
more evenly across the network. This behavior underscores the
mechanical efficiency of the zigzag design inmitigating localized
deformation while preserving overall structural performance.
It is worth mentioning that to integrate auxetic patterns with-

out leaving voids, a zigzag path was adopted. This configuration
introduces multiple hinge-like regions that facilitate dissipation
of stress concentrations. Importantly, we do not claim stress re-
duction; the zigzag path redistributes strain energy, shifting lo-
calized concentrations away from hinge regions while maintain-
ing similar global absorption. As demonstrated in the nodal and
global strain energy analysis (Figure 11), the zigzag-path design
maintains a similar overall energy absorption capacity compared
with the baseline, while shifting localized stress away from crit-
ical hinge regions. In practice, the fabricated path is not a sharp
zigzag but a curved zigzag, as the finite nozzle radius (≈0.2 mm)
naturally introduces fillets at the corners. This curvature miti-
gates sharp-edge effects and reduces the risk of stress concentra-
tion. Furthermore, zigzag trajectories are more straightforward
to implement in G-code for rotary non-planar printing than fully
curved paths, making them both a practical and mechanically
robust solution for stress redistribution in 4D-printed auxetic
structures.

6.4. Rotary 4D Mandrel

To facilitate the development of a commercially viable, ready-to-
use system for hobbyist 3D printers, we propose an adaptable
framework for 3D printing tubular structures with variable di-

ameters. This system features a flexible platform with adjustable
diameter settings, allowing users to print across a diverse range
of cylindrical shapes and sizes. Central to this approach is the use
of auxetic metamaterials as a rotary 4D mandrel. Auxetic mate-
rials as illustrated, possess a negative Poisson’s ratio, which al-
lows the mandrel to expand or contract as needed during print-
ing, then recover its original dimensions upon release through
4D programming. This reversible deformation greatly enhances
the mandrel’s adaptability for a variety of print geometries.
Furthermore, the mandrel is fabricated using fully biodegrad-

able materials, aligning with sustainability goals and promoting
environmental responsibility. By employing such materials, the
proposed setup facilitates the development of an entirely sus-
tainable 3D printing platform. This solution not only meets the
technical requirements of multi-diameter printing but also con-
tributes to the reduction of material waste and supports signifi-
cantly.
Finally, a user-friendly algorithm (Figure 3) is integrated into

the system, allowing for the precise control and customization
of printing parameters, such as diameter and shape. This algo-
rithm enables seamless transitions between different cylindrical
geometries, thereby simplifying the user experience and broad-
ening the applicability of the system. In summary, this approach
offers a sustainable and adaptable solution for 3D printing cylin-
drical structures, making it accessible to a wide range of users,
researchers, and potential commercial markets.

6.5. Tubular 4D Universal Joint

To demonstrate the applicability of our developed tubular 3D/4D
printing platform, we designed an innovative tubular structure
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Table 2. 4D shape-morphing behavior of universal spiral joint specimens.

Sample 4D Axial Elongation 4D Rotational Deformation

SRR (%) SFR (%) SRR (%) SFR (%)

I 98.6 90.2 95.2 87.2

II 98.3 89.6 91.2 81.6

III 96.7 87.2 85.0 86.7

IV 95.0 92.5 89.3 95.2

V 97.3 81.6 87.9 79.2

VI 98.9 84.9 94.5 81.0

VII 96.8 86.1 89.6 83.6

VII 97.1 93.0 97.8 90.9

IX 99.4 88.3 86.0 89.4

X 98.4 79.6 93.6 87.3

Average 97.6 87.3 91.0 86.2

that could not previously be manufactured without material
waste or with commercially available ready-to-use printers. The
proposed tubular 4D universal joint introduces a range of highly
adaptable stiffnesses, encompassing axial, torsional, bending,
and structural body stiffnesses, that allow for precise mechani-
cal tuning, as denoted in Figure 10c and Video S10 (Supporting
Information). This versatility enables tailored responses to envi-
ronmental stimuli, making the joint an ideal candidate for appli-
cations where specific load-bearing or motion requirements are
necessary.
The design also incorporates a shape recovery mechanism

through 4D programming which enables the joint to revert to
its original configuration after deformation, preserving its func-
tional integrity across varied mechanical loads. This property
underscores the material’s robustness and durability, expand-
ing its potential uses in scenarios that demand repeated shape
adaptation without structural compromise. The shape program-
ming process is briefly shown in Video S11 (Supporting Informa-
tion). Additionally, after undergoing significant plastic deforma-
tion, the joints demonstrate an impressive capacity to nearly fully
recover to their original shape, as illustrated in Video S12 (Sup-
porting Information). Additionally, the programming and recov-
ery behavior of the spiral structures was investigated using mag-
netic PLA composites, as demonstrated in Video S13 (Supporting
Information).
To evaluate the 4D shape-morphing behavior of the universal

spiral joints, a series of SRR and SFR tests were performed us-
ing 10 specimens. Each specimen was subjected to two separate
4D programming conditions: i) axial elongation of 1.5 mm along
the longitudinal direction, and ii) rotational deformation with a
5° twist. The resulting SFR and SRR values for both conditions
are summarized in Table 2. As indicated, the SFR values for both
deformation scenarios were lower than 90%, in contrast to the
higher SRR values. This can be attributed to the intrinsic geo-
metric resilience of the universal spiral joints, which promotes
partial recovery even during the fixation phase, causing the struc-
ture to resist the deformed shape and tend toward its original
configuration.
To demonstrate the tunable stiffness capabilities of the univer-

sal spiral joints, a series of mechanical tests were conducted to

evaluate their load-bearing capacity and overall mechanical per-
formance. Two distinct spiral configurations were fabricated, as
detailed in Table S7 (Supporting Information). These configura-
tions differ in their pattern repetition along the X-direction, with
one consisting of six spiral turns and the other eight. The com-
parative analysis aims to assess the influence of spiral repetition
on stiffness and 4D deformation behavior under varied mechan-
ical loading conditions. In this regard, two types of 4D program-
ming were applied: one specimen was subjected to elongation
of 1.5 mm along the Y-direction, while the other underwent a
controlled rotation of 5 degrees. Further experimental details are
provided in Note S10 (Supporting Information).
As illustrated in Figure 12a, specimens with a greater num-

ber of spirals exhibited higher axial stiffness. When the struc-
tures were 4D programmed through elongation along the lon-
gitudinal direction (1.5 mm), the axial stiffness remained largely
unchanged. However, when programmed through rotational de-
formation (5° twist), a slight reduction in axial stiffness was ob-
served.
Overall, the axial response of the spiral joints was predom-

inantly linear and strongly influenced by both the number of
spiral turns and the applied rotational deformation. These re-
sults demonstrate the potential for achieving dynamically tun-
able stiffness through structural design and multi-stimuli 4D
programming. Additionally, the effect of contact between spi-
ral ligaments was observed, particularly under 4D programming
along the longitudinal direction. It was concluded that such de-
formation increases the displacement range significantly while
maintaining nearly identical axial stiffness. This capability en-
ables independent tuning of displacement range andmechanical
response, offering a unique advantage for programmable spiral
joints. By combining statistical design parameters—such as spi-
ral count and pitch—with targeted 4D programming, the stiff-
ness and deformation profile of the structure can be precisely
controlled.
Similarly, experiments were conducted to evaluate the tor-

sional stiffness of the universal spiral joints. As shown in
Figure 12b, two distinct levels of linear torsional stiffness were
achieved through variations in design parameters. Upon 4D pro-
gramming of the spiral joints along the longitudinal direction, a
significant reduction in torsional stiffness was observed. These
results further confirm that a diverse and tunable stiffness range
can be achieved through a combination of static design parame-
ters and dynamic 4D programming. This dual approach enables
programmable mechanical adaptability, making the spiral joint a
promising candidate for applications requiring variable compli-
ance or stiffness modulation.
Finally, a similar experiment was conducted to characterize the

overall structural behavior of the cylindrical spiral assembly. As
shown in Figure 12c, the load capacity and range of motion of
individual spirals within the structure closely match the axial re-
sponse of the entire system. The results indicate that the cubic
nonlinear, contactless behavior of each spiral is consistent across
the structure and can be effectively tuned through both geomet-
ric design parameters and 4D programming. This flexibility en-
ables a broad range of structural damping and stiffness responses
to be embedded within a single universal spiral joint, offering
dynamic mechanical adaptability through minimal material and
design changes.
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 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202501581 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [05/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 12. Experimental and finite element analysis of the axial, torsional, and structural stiffness of cylindrical spiral structures with 6 and 8 turns,
evaluated before and after 4D programming. Data shown as mean ± SD from n = 2 independent specimens (six repeats each; specimen-level means
used). No formal hypothesis testing was performed. a) Axial stiffness where results include both Instron tensile testing and FEM simulation to quantify
stiffness modulation due to shape-morphing behavior. b) Torsional stiffness results obtained from both rotary motion sensor experiments and FEM
simulations, used to quantify stiffness modulation induced by shape-morphing behavior. c) Structural stiffness results obtained from Instron tensile
testing and FEM simulations, highlighting changes in stiffness due to the programmed deformation.

These 4D tubular universal joints hold strong potential for
soft robotics, where 4D programming enables the tuning of joint
characteristics to achieve diverse functional behaviors. While a
comprehensive characterization of these 4D universal joints is
beyond the scope of this paper and warrants a separate study, we
demonstrate several potential applications that merit further ex-
ploration. Video S14 (Supporting Information) highlights how

these structures serve as robotic joints with multi-DOF capa-
bilities and effective energy-damping properties. Additionally, a
small-scale experiment in Video S15 (Supporting Information)
illustrates how programming the structure (as shown in Video
S11, Supporting Information) impacts the overall bending stiff-
ness of the robotic joint. Video S16 (Supporting Information)
provides a case study demonstrating how larger, tunable spiral
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structures can enhance stability and dissipate unwanted energy.
These spirals, designed through 4D programming, exhibit ver-
satile features that allow for adaptability across various environ-
ments. Their tunable nature enables them to adjust dynamically,
making them suitable for applications requiring responsive sta-
bilization and energy damping.
Moreover, the use of biodegradable materials in these joints

aligns with sustainable engineering principles and supports a cir-
cular economy. By focusing onmaterial degradation post-use, the
joint’s design contributes to environmental conservation, mini-
mizing waste and ecological footprint in line with the United Na-
tions’ sustainability goals. Such material properties not only pro-
vide scientific advantages but also ensure that the applications of
these 4D-printed structures support both technological advance-
ment and environmental responsibility.
This study presents a comprehensive framework for adaptive,

sustainable, and programmable rotary 4D printing. The key in-
novations and contributions are summarized below:

• Anovel rotary 4D fabrication platform, integrating adaptive ge-
ometric design with non-planar toolpaths, enabling direct and
automatedG-code generation fromdiverse 2D and 3Dgeomet-
rical inputs for tubular structures.

• An open-source, Python-based rotary slicing algorithm, imple-
mented in the Grasshopper environment, capable of gener-
ating non-planar, multi-material, multi-stimuli G-code paths.
The algorithm is freely accessible and reproducible rotary 4D
slicer available for the broader research and maker commu-
nity.

• A continuous-path, fiber-like deposition strategy, replacing
conventional layer-by-layer printing to improve mechanical
performance, reduce material waste, and eliminate the need
for support structures in tubular geometries.

• A dual-material, multi-stimuli design approach, demonstrated
through the use of biodegradable PLA and iron-PLA compos-
ites, enabling dynamic 4D actuation via both thermal andmag-
netic stimuli.

• A dual-path programming logic, allowing users to define
shape-morphing behavior using programmable mathematical
functions (e.g., sine, sigmoid, Bézier), enabling deformation
control through dynamic inputs.

• Advanced material modeling, incorporating hyperelastic and
thermoelastic responses via user-defined subroutines in
Abaqus and validated through high-strain FEM simulations.

• Integration of zigzag paths for stress redistribution, intro-
duced as a geometry-aware design feature not available in com-
mercial or open-source slicers. FEM and experimental valida-
tion showed a 36% reduction in local strain energy, signifi-
cantly improving structural resilience.

• A data-driven predictivemodule, linking input geometries and
material configurations to final 4D deformation outcomes.
This approach reduces reliance on repeated FEM simulations
and introduces a theoretical contribution to programmable
structure design. Symbolic regression-based modeling of re-
entrant NURBS auxetic geometries with high accuracy (R2 =
0.9995), providing a predictive link between design and shape-
morphing behavior.

• Experimental realization of a tunable universal spiral joint, ca-
pable of programmable stiffness modulation under axial, tor-

sional, and structural loads, highlighting the adaptability of the
proposed platform for use in robotics, biomedical devices, and
reconfigurable mechanical systems.

• Conceptualization and demonstration of a 4D self-morphing
mandrel, which serves not only as a programmable base struc-
ture but also as a fabrication scaffold for non-planar printing
of complex geometries—extending the functional scope of 4D
printing into new application domains.

7. Statistical Analysis

Experimental data are reported as mean ± SD. For Figure 6b, n=
3 independent specimens; the dot–dash line connects specimen-
level measurements of experimental results. For Figure 12, n =
2 independent specimens, each tested in six repeated trials; the
unit of analysis is the specimen (trialmeasurements averaged per
specimen). No data were excluded and no outliers were removed.
Because this work primarily demonstrates a fabrication/design
pipeline and sample sizes are small, no formal hypothesis test-
ing was performed; differences are descriptive. Analyses were
performed in Python (NumPy/SciPy) and figures prepared in
Matplotlib.

8. Conclusion

In conclusion, we have developed an innovative and open-source
design-to-G-code algorithm that enables the generation of cus-
tomizable toolpaths for diverse tubular structures using com-
mercially available, affordable 3D printers. This platform facil-
itated the fabrication of bio-inspired, parametric NURBS-based
re-entrant auxetic metamaterials, forming the basis for a novel
rotary 4D mandrel design. Symbolic regression was employed to
model these complex curves with high precision (R2 = 0.9995),
enabling accurate geometry-driven deformation behavior. To pro-
mote sustainable and material-efficient tubular 4D printing, the
rotary mandrel was enhanced with an auxetic skin and embed-
ded zigzag pathing to mitigate stress concentrations and im-
prove mechanical resilience across varying diameters. The en-
tire slicing and programming pipeline was implemented using
Python scripting within the Grasshopper environment and ex-
tended to support multi-material, multi-stimuli actuation. These
capabilities were demonstrated through both thermal and mag-
netic stimuli using biodegradable PLA and iron-PLA composites.
Comprehensive FEM and experimental studies validated the tun-
able stiffness of the printed structures, revealing how 4D pro-
gramming and design parameters together enable fine-grained
mechanical control. Finally, to showcase the platform’s full po-
tential, we developed adaptive tubular 4D universal spiral joints
with programmable, multi-directional stiffness. These joints ex-
hibited dynamic response under axial, torsional, and structural
loading, proving the system’s versatility for applications ranging
from robotics and aerospace to biomedical engineering. To the
best of our knowledge, this work introduces a novel 4D print-
ing system that adaptively reconfigures based on its fabrication
logic—establishing a modular, programmable platform for non-
planar 4D printing across a wide range of sectors.
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