
Materials and Design 137 (2018) 256–265

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
4D rods: 3D structures via programmable 1D composite rods
Zhen Ding a,⁎, Oliver Weeger a, H. Jerry Qi b, Martin L. Dunn a,⁎
a SUTD Digital Manufacturing and Design (DManD) Centre, Singapore University of Technology and Design, Singapore 487372, Singapore
b The George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Direct 4D printing of programmable 1D
composite rods that can rapidly change
into 3D structures is demonstrated.

• Simulation-based design of 1D compos-
ite rods and rod assemblies with
printing-induced compressive strains is
developed.

• Complex permanent 3D shapes are
achieved through design of the spatial
layout of multiple materials in a 1D rod
configuration.

• The 4D printing method saves 70%–90%
printing time and printing materials
compared with direct printing of 3D
structures.
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Slender 1D structures are ubiquitous in nature and engineering and serve as building blocks for 3D structures at
scales ranging frommolecular to architectural. 3D printing enables fabrication of such structures with geometri-
cal complexity that cannot be produced easily by traditional manufacturing methods, but comes with a cost of
long building time and need for supporting structures during printing. Some of these limitations are overcome
here through an approach that prints 1D rods with composite cross-sections, programmed to deform into a pre-
scribed 3D shape simply upon heating. The straight or curved composite rods consist of a glassy polymer and an
elastomer that are bonded to each other as a result of themanufacturing process; the latter is programmedwith a
compressive stress during the printing process.Whenheated, the stiff glassy polymer softens, resulting in release
of the stress in the elastomer, and causes the 1D structure to deform into a new permanent 3D configuration. The
cross-section of the composite rods can be designed to enable deformation modes of bending and twisting, a
combination of which can guide the 1D rod into almost any 3D shape. With the use of a nonlinear
thermomechanical computational model, several 3D rod structures are designed and demonstrated, highlighting
the potential for increased functionality with material and time savings.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

3D printing is emerging as a revolutionary manufacturing technolo-
gy for its advantages including fast prototyping, savings in raw mate-
rials, and design freedom in shape and structure, positioning it as an
attractive and important manufacturing method for engineering
applications [1–4]. However, 3D printing faces many challenges. For
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example, a critical drawback is slowprinting speed because of the layer-
by-layer process. In addition, the advantage of rawmaterial saving dete-
riorates when 3D printing is used for fabricating hollow or slender
structures made of thin shells, plates, or trusses, since these structures
typically require support materials or sacrificial printing materials. To
date, most 3D printing technologies, such as PolyJet, fused filament fab-
rication (FFF), etc. require support materials to create overhanging
structures during the printing process; selective laser sintering (SLS)
employs unsintered powder as support; and stereolithography (SLA)
require a large vat of printing material. As a result, efficiently printing
hollow or slender structures remains a significant challenge in 3D
printing.

Recently, 4Dprinting has emerged as amethodwhere a 3D structure
can be printed and then transformed into a new and more complex
shape when subjected to an environmental stimulus such as tempera-
ture, light, or humidity [5–15]. From a product manufacturing point of
view, an attractive feature of 4D printing is the potential to realize a
complicated 3D structure from a low-dimensional printed structure,
such as 2D plate [16–20], or 1D rod. This offers the significant advan-
tages of saving both raw materials and manufacturing time, as well as
new programmed functionality.

The general idea of 4Dprinting is to exploit the responsiveness of 3D
printed materials to external stimuli, such as temperature change for
shape memory polymers (SMPs) [6,16,17,21–23], or moisture resulting
in swelling for hydrogels [9–11,24,25], to create time-dependent, self-
evolving shape changes. The driving force for shape change is a stress
that can be applied either externally or internally. Most 4D printing ef-
forts to date rely on external stresses, where the as-printed part is stress
free and an additional process is required to produce the stress that
drives shape change. In SMP-based 4D printing, an external stress is di-
rectly applied and stored in a 3D printed part by a thermomechanical
training process after printing [26–29]. In addition, shape transforma-
tion can also be actuated directly by puremechanical loading. For exam-
ple, Rudykh et al. [30] designed a 3D printed composite that cleverly
exploited the combination of anisotropy and microstructure geometry
to amplify the effect of a small localized mechanical load to induce a
global shape change. Another option to produce external stress is an in-
direct way, where the composition of an as-printed part is changed ei-
ther by adding or subtracting materials to induce local volume
expansion or shrinkage; the swelling of gels [10,11,24,25,31], wax [9],
and the desolvation of a printed part [32] are recent examples. In
these methods, the as-printed part is stress free and in a low energy
state. Shape change by the incorporation of external stress results in a
higher energy state, which will tend to recover to the low energy
state, rendering the induced shape unstable. Thus, any loss or intake
of matter, or change of environmental conditions (e.g., temperature or
humidity) during service could lead to the recovery of the low energy,
initial shape. This is not favorable if a stable or permanent actuated
shape is desired. Besides, the composition change of a printed part in
many cases is relatively slow as it involves diffusion of external species
into the printed material [33,34].

An alternative way to drive the shape change is to engineer, or pro-
gram, an internal stress into the printed component during the printing
process. Recently, we introduced a direct 4D printing approach to ac-
complish this, where a programmable internal compressive stress is
generated and stored during the printing of photopolymer composites
via control of the process parameters of 3D printing [35]. The as-
printed composite component first maintains a stable high-fidelity
shape at room temperature, and then can be directly transformed into
a second stable shape simply by heating. Here, temperature acts as a
switch that releases the internal stress and leads to a one-time shape
transformation. This approach is promising for applications where rea-
sonably fast actuation, as well as maintaining a stable, permanent actu-
ated shape for service is required.

While shape transformations are basically limited to those from 2D
to 3D in our previous work [35], we further advance this direct 4D
printing approach in this paper by designing and fabricating 1D rods
with composite cross-sections to realize the shape transformations
from 1D to 3D. We carry out a detailed experimental characterization
of basic deformation modes of direct 4D printed composite rods, bend-
ing and twisting (or coiling), and study their dependence on design pa-
rameters such as layer fractions of the composite and twists of the cross-
section along the rod axis. We also introduce a thermomechanical
model to describe the general 3D rod deformations and use it for
simulation-driven design of complex 3D shapes that can be generated
from an initially flat rod or a mesh of rods.
2. Methods

2.1. Materials and experiments

We use the commercial material Tango+ as the elastomer for all
samples and the Vero family of digital materials for the glassy polymer
that can be printed in different colors to create the various colored seg-
ments in the rods. Thesematerials are available from Stratasys, USA and
have proprietary chemical compositions. Tango+ is an elastomer at
room temperature, polymerized basically by urethane acrylate oligo-
mer, methacrylate oligomer, exo-1,7,7-trimethylbicyclo[2.2.1]hept-2-
yl acrylate, polyurethane resin and photo initiator. The Vero materials
are glassy polymers at room temperature, polymerized basically by
acrylic monomer, exo-1,7,7-trimethylbicyclo[2.2.1]hept-2-yl acrylate,
urethane acrylate oligomer, epoxy acrylate, acrylate oligomer, methyl
acrylate, and photo initiator.

The 4D rods were created with our in-house design and simulation
software for 3D rod structures. This is based on themechanicalmodel de-
scribed in Section 2.3 and the computational discretization in the work
[36] by Weeger et al. Geometrical descriptions in terms of STL files
were created and imported into the Stratasys J750 multi-material
printer's PolyJet Studio software and printed with a slice height of 27
μm and a resolution of 600 × 300 DPI in plane under high mix printing
mode. This high printing resolution guarantees a precise spatial distribu-
tion of elastomer and glassy polymer in our composite rods,which results
in an accurate deformation of the composite rods upon heating. The tem-
perature of the 3D printer nozzles was maintained as 65 °C during print-
ing. All samples were printed with the layer printing time of 74 s.

The printing process – droplet deposition, smearing into a continu-
ous film, and photocuring – results in a residual compressive strain in
the elastomer. We measured this by photographing printed flat strips
first on the build tray and then after removal from the build tray at
room temperature. We found the compressive strain in elastomer to
be ε0P=4.4%; we did similar measurements for the glassy polymer and
found it to be zero.

The thermomechanical properties of the elastomer and glassy poly-
mer, such as Young'smodulus, glass transition temperature, and the coef-
ficient of thermal expansion, were measured via a DMA tester (model
Q800, TA Instruments) in tension mode (see Fig. A1 for the results).
Samples (~20× 7× 1mm) for storagemodulus (Fig. A1a) and glass tran-
sition temperature (Fig. A1b) determination were measured in dynamic
mode with a frequency of 1 Hz and a heating ramp of 2 °C/min. Samples
(~20 × 7 × 1 mm) for Young's modulus determination at high tempera-
ture (~65 °C) were measured in static mode with a strain ramp of 0.1%/S
(Fig. A1c). The coefficient of thermal expansion was determined via the
thermal strain tests on samples (~25 × 8 × 0.6 mm) with a heating/
cooling ramp of 1 °C/min under controlled force (Fig. A1d). Based on
the experimental results in Fig. A1, materials parameters are identified
as Tg,0=60°C, Tg,1=8°C, E0(T1)=0.6 MPa,E1(T1)=6.0 MPa,α0

t =
2.3·10−4 K−1, α1

t =1.7·10−4 K−1, where Tg,E, and αt denotes glass
transition temperature, Young's modulus, and coefficient of thermal
expansion, respectively. The index 0 and 1 refers to the elastomer and
the glassy polymer, respectively. T1 refers to the elevated temperature
used to activate the deformation of 4D rods and is set as 65°C. Due to
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the near incompressibility of both elastomer and glassy polymer, we as-
sume their Poisson's ratios to be ν0=ν1=0.45.

All composite rod shape transformation experimentswere carried out
in a Huber CC-118A tank (Peter Huber Kältemaschinenbau, Offenburg,
Germany). We used water as the heating medium. Samples were im-
mersed from room temperature into the water at 65 °C. They trans-
formed into their permanent configuration within ~20 s. To ensure the
shape transformation completed,wephotographed the deformed config-
urations after ~50 s and subsequently used image analysis software
(ImageJ) to determine the curvature of the planar rod or the diameter
and the pitch of the coiling rod.

2.2. Design concept

Our approach is based on controlling the internal stress due to mis-
match strains between twomaterials in a 3D printed layered composite
consisting of an elastomer and a glassy polymer. We create composite
rods by 3D printing with the PolyJet process on a commercial Stratasys
J750 printer using the commercial materials Vero (glassy polymer) and
Tango+ (elastomer), and actuate them by heating in a uniform thermal
bath.

During 3D printing process, a compressive stress is built into the
elastomer but not in the glassy polymer [35]. When the elastomer and
the glassy polymer are printed into a layered composite (Fig. 1a1), a
compressive strain is still induced in the elastomer, but at room temper-
ature it is sufficiently constrained by the glassy polymer, which has a
much higher Young's modulus (~1 GPa versus ~1 MPa) and a good
bonding with the elastomer since they contain some similar compo-
nents (refer to Section 2.1). The perfect adhesion between layers can
be assumed from a mechanical load transfer viewpoint (continuity of
displacement and traction across the interface). Thus, the composite
shape will not change after removing the support and a high-fidelity
and stable shape is obtained after printing (Fig. 1a2). However, two
phenomena occur when the sample is heated. First, the modulus of
the glassy polymer significantly decreaseswhen it passes the glass tran-
sition temperature and the internal stress stored in the elastomer is re-
leased due to the lack of constraint. Second, the elastomer has a higher
coefficient of thermal expansion than the glassy polymer, which
Fig. 1. Theworkingmechanism and basic deformationmode of 4D rods. a) The bendingmecha
during the printingwhilst the glassy polymer (red) does not. Because the glassy polymer ismuc
after printing; uponheating, the laminate bends due to the significant decrease in the glassy poly
a composite rod consisting of Vero (in red) and Tango+ (in green) upon heating. c) Schematic
heating. d)Modeling of 2-layered composite rod using 3D Cosserat rod theory in terms of its cen
interpretation of the references to color in this figure legend, the reader is referred to the web
increases the strain mismatch upon heating even further. The result of
these two phenomena is the bending of the laminate (Fig. 1a3) and
the final configuration generally results from a combination of geomet-
rical and material effects [37].

When such as a laminate concept is used in the design of a composite
rod (Fig. 1b), the rod can bend upon heating. Moreover, more interesting
shape changes, such as coiling can be obtainedwhen the composite cross-
section is continuously rotated about the axis of the rod, as shown in
Fig. 1c. The 3D Cosserat rod theory shown in Fig. 1d further verifies the
shape changes of coiling, and more details are given in Section 2.3.

2.3. Modeling and simulation

In order to provide a design tool for the shape change of 1D rods,
we develop a simple theory for the bending and twisting of the rod
and a simulationmodel for more complicated shape changes. Fig. 1d
shows the basic geometrical and material parameters involved in
the model.

2.3.1. Analytical 1D thermo-mechanical modeling
For the bending and coiling of a straight rod, a theoretical model

is developed. The bent configuration is characterized by its curvature
κ or its radius of curvature r=1/κ and its extension ε. Similar to the
approach [6]used by Ge et al., we can model the bending deforma-
tion of a straight 1D rod through the balance equations of forces
and moments:

σ ¼ Aε þ Bκ þ AαΔT; χ ¼ Bε þ Cκ þ BαΔT: ð1Þ

The resulting curvature and extension of the rod can be calculated
from the equilibrium equations with a temperature change of
ΔT=T1−T0 and no external forces applied, i.e. σ=χ=0:

ε ¼ AαC−BαB

AC−B2 ΔT; κ ¼ BαA−AαB

AC−B2 ΔT : ð2Þ

The coefficients A,B,C,Aα, and Bα depend on the geometric and mate-
rial parameters of the rod, i.e. the cross-section diameter d, the layer
nism in a 3D printed laminate. The elastomer (green) develops internal compressive stress
h stiffer than the elastomer, the laminate remains flat after removal of supportingmaterial
mer stiffness and also the thermalmismatch strain. b) A schematic graph of the bending of
of the twisting of a composite rod consisting of Vero (in red) and Tango+ (in green) upon
terline position r(s) and cross-section orientation given byR(s)=(d1(s),d2(s),d3(s)). (For
version of this article.)
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heights hL of the twomaterials or the elastomer height fraction hR=hL/d,
the Young'smoduli E0,E1, the coefficients of thermal expansionα0

t ,α1
t and

the compressive, printing-induced strain of the elastomer ε0P (the index 0
refers to the elastomer and 1 to the glassy polymer). The Appendix A.1
presents more details.

In this modeling approach, we neglect any viscoelastic and
temperature-dependent effects of the material through the heating
from room temperature T0=25°C to actuation temperature T1=65°C
and assume the material parameters to be given at high temperature
T1. Both materials exhibit thermal expansion with the usual thermal ex-
pansion coefficientsα0

t andα1
t , but due to the printing process, the elas-

tomer implicates an inherent strain ε0p, which is released as the
composite is heated and the glassy polymer softens. Thus, to model the
release of the printing strain, the coefficients of thermal expansion of

the two materials can be formulated as α0 ¼ αt
0 þ

εp0
ΔT and α1=α1

t .
Since ε0p/ΔT≫α0

t ,α1
t , the printing induced “thermal strain” is dominant

over the actual thermal expansion and the main cause of deformation.
Fig. 2.Basic deformationmodes of 4D rods. a) Experimental bending shapes of composite rodsw
20%, 35%, 50%, 60% and 70% (oriented towards the bottom). b) Measured (symbols) and simul
100 mm long, 3 mm diameter circular composite rods. c) Design of straight rods with varying
diameter circular composite cross-section. d) The corresponding experimental actuated coilin
and then heated to 65 °C. e) Comparison between the theoretical predictions (lines) and expe
Note that is now only valid for the one-time heating with from
T0 to T1, after that ε0p acts as a permanent prestrain.

To study coiling deformation, we consider twisting/rotating of the
material constitution of the cross-section around the centerline of the
rod as an initial torsional prestrain, which is conserved through the
bending deformation. Thus, the heating process and release of the
prestrain result in extension ε and curvature κ, as in the case of pure
bending, and additional torsion for the heated and deformed rod. By
definition, this new equilibrium configuration is a helix. In addition to
the material and geometric design parameters for bending, we now
have another parameter, the initial torsion τ0 of the rod. The resulting
helix is characterized by two main parameters, the diameter D of the
coil and its pitch P. Denoting the curvature of pure bending by κ∗=κ/
(1+ε) and the torsion of the extended rod by τ∗=τ0/(1+ε), it follows
that:

D ¼ 2
κ�

κ�2 þ τ�2
; P ¼ 2π

τ�

κ�2 þ τ�2
: ð3Þ
ith varying elastomer height fractions of 75%, 80%, 85%, 90% (oriented towards the top) and
ated (line) curvatures vs. elastomer height fraction in the composite cross-section for the
twists of cross-section of π=8;

π=2; 2π;4π; and 6π. The rods are 480 mm long with 3 mm
g rods upon heating. In all cases the samples are removed from the 3D printer build tray
rimental measures (symbols) for coiling diameter and pitch.
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2.3.2. 3D thermomechanical modeling
For more complicated shape change (as shown later in this paper),

we model the thermo-mechanical deformation behavior of the shape
transformation of direct 4D printed rods by 3-dimensional elastic rod
theory. In particular, we use the Cosserat model for spatial rods, which
takes into account large deformations and rotations, shear deformation,
and is suitable for modeling both thin and thick rods [38,39].

The configuration of the rod is fully determined by its description as
a framed curve, i.e. a rod is represented by the line of its mass centroids,
its centerline, which is a spatial curve r(s): [0,L0]→ℝ3 and a frame or
triad R(s):[0,L0]→SO(3), which describes the evolution of the orienta-
tion of the cross-sections along the centerline (see Fig. 1d).With the ki-
nematic model, the translational strain vector ε=RTr′−e3 and
curvature strain vector κ= ⟦R′TR⟧x are expressed. Then a constitutive
equation, which can take into account arbitrary, unsymmetric cross-
sections [40], such as 2-layered cross-sections here, and thermal expan-
sion behavior [41], can be formulated:

σ ¼ Aεþ Bκþ AαΔTe3; χ ¼ BTεþ Cκþ BTαΔTe3: ð4Þ

Here, σ and χ represent the translational and rotational stress,
A,B, and C are the elastic constitutive matrices, which depend on
the geometrical (shape and layering) and material properties
(Young's modulus and Poisson's ratio) of the cross-section.
ΔT=T1−T0 is the temperature change, which triggers thermal ex-
pansion. Aα and Bα are the thermo-elastic constitutive matrices,
which also depend on the thermal expansion ratios of the material,
and here also on the printing-induced thermal strains. For details
refer to the Appendix A.1.
Fig. 3. Cubic frame directly assembled from a long, flat rod upon heating. a) The printed initiall
colors and orientations along its length. The lines with double thickness show the rod cross-s
cooling to room temperature to form the desired cubic frame structure: c) experiment, and d)
Finally, the governing equations of the Cosserat rod can be formulat-
ed in terms of the equilibria of internal forces n=Rσ and the internal
moments =Rχ:

n0 ¼ 0; m0 þ r0 � n ¼ 0: ð5Þ

For the numerical discretization of the rodmodel and solution of the
governing equations, we use an isogeometric collocation method [42].
In the following, we use this model to simulate the deformation of com-
plex composite rods and rod assemblies, and predict the self-assembly
behavior of our 4D rod designs.Wenote that the simulation formulation
can be used to determine optimal material layouts for desired final 3D
shapes by integrating it with an optimization approach similar to that
in the work [36] by Weeger et al.

3. Results and discussion

3.1. Basic deformation of 3D rods

We first present the basic deformation of 4D rods via both experi-
ments and simulations. Fig. 2a, shows bent shapes of 100 mm long,
3 mm diameter circular composite rods for varying elastomer height
fractions in the rod cross-sections after the printing, heating and cooling
process. The amount of bending depends on the rods' composite archi-
tectures. The curvatures of those rods versus the elastomer height frac-
tions from the experiment, along with those resulted from a simple
theory that considers beam bending (see Section 2.3.1 for details) are
plotted in Fig. 2b. Measurements and simulations are in good agree-
ment. The curvature reaches its peak at an elastomer height fraction of
~75%, which provides a guidance for the composite rod design for
y flat, curved rod after printing and support material removal. b) The flat rod cross-section
ections composed by pure glassy polymer. The actuated shape after heating to 65 °C and
simulation.
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maximum shape change. It should be noted that a higher faction of
elastomer results in a softer composite rod. As such, a balance between
the curvature and the stiffness of a rod should be considered for
applications.

For the coiling, we design straight rods (3 mm diameters) with
varying twists of cross-section of π=8;

π=2;2π;4π; and 6π over the length
of 480 mm (Fig. 2c). We here chose a 60% elastomer height fraction for
the coiling rods. Fig. 2d shows photos of coiling from the corresponding
experiments. It should be noted that 60% elastomer height fraction
would not induce the maximum curvature in a coiled rod, but it
makes the coiled rod relatively stiff. Fig. 2e is the characterization of
resulting helices in terms of the dependency of their diameter and
pitch on the twist of the cross-section fromboth experiment and theory.
The experimental results show good agreement with the ones obtained
from a simple 1D composite rod theory presented in Section 2.3.1.
3.2. 3D cubic frame from a curved 1D rod

Fig. 3 shows the realization of a 3D cubic frame that self-assembles
from heating a 1D composite rod such that each of the six cube faces
is represented by circular rings in the final configuration. Such a 3D
structure is common in applications ranging from space structures to
humanitarian shelters, but are usually realized by assembling a set of
straight framemembers to create thefinal 3D form, although an intrigu-
ing line of inquiry exists that uses ring geometries to create 3D struc-
tures [43,44].
Fig. 4.A buckyball directly transformed from a planar rodmesh upon heating. a) A plan viewof
right corner shows the cross-section of the rodswith blue representing glassy polymer and ligh
experiment. The final actuated 3D shape: c) experiment, and d) simulation.
Here, we create such a structure from a 1D composite rod, shown in
printed form in Fig. 3a, that is designed so that it originally consists of 24
segments (four 90° segments for each of the 6 faces in the transformed
3D cubic frame). Each segment has a length of 67.9 mm, a uniform
cross-section diameter of 3 mm and consists of either pure glassy poly-
mer or a composite cross-section with an elastomer height fraction of
60%. When heated to 65 °C the solid segments do not deform, but the
composite segments each bend into a 90° circular arch with a radius
of 44.4 mm. To achieve bending in different spatial directions, the com-
posite cross-section of each segment is oriented as shown in Fig. 3b. To
obtain the same resulting cubic frame, the rod would have to be
1630 mm long and thus far exceeding the build tray dimensions of the
printer (490 × 390 × 200 mm). Our approach, though, does not require
a straight rod and we achieve the final configuration by printing the
curved shape of Fig. 3a, which allows us to print a 1D rod of length
much longer than the dimensions of the build tray, but at the expense
of a more complex composite design. Upon heating at 65 °C and cooling
to room temperature we obtain the final 3D configuration shown in
Fig. 3c. Here the colors of the glassy polymer are used to ease visualiza-
tion of each of the six cube faces. Fig. 3d shows the simulation using the
model in Section 2.3.2, which is in good agreement with experiments.
3.3. 3D buckyball from a mesh of 1D rods

Here, we demonstrate how sophisticated 3D structures can be creat-
ed from printed meshes of 1D rods. Fig. 4a shows a planar lattice with a
the printed, initially planarmeshwith a hexagonal pattern. The round shape in the bottom
t yellow expressing elastomer. b) Snapshots of the actuation process by heating during the
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hexagonal patternmade from102 rods, each of 22mm length, and a cir-
cular composite cross-section of 3 mm diameter. The objective is that
thismesh of 1D rodswill deform into a 3D structure similar to a football,
i.e. a buckyball with uniformly curved edges, when uniformly heated to
65 °C. Our simulation shows that due to the coupling of bending and tor-
sion in different directions of the hexagonal base pattern, a constant
elastomer-to-glassy polymer ratio of 60% is required. Fig. 4b shows
snapshots of the assembly process of the buckyball upon heating in a
water bath to 65 °C. The final spherical shape with a diameter of
108 mm is obtained after only 19 s. Images of the final shape are
shown in Fig. 4c and d for experiments and simulations, respectively,
which are in good agreement.

3.4. 3D helix from a 1D coiled rod

In Fig. 5, we demonstrate how a 3D helical coil with a uniform diam-
eter and pitch (6 coils of diameter 78.7 mm and pitch 15.5 mm) can be
created from a curved 1D rod (1560mm long and 3mmdiameter) that
is programmed using a cross-section with a combination of spatially-
variable elastomer height fraction as well as twist angle. Note that if
the initial shape was a straight rod, a continuously twisted cross-
section would lead to the helix as in Fig. 1c. Due to the limited size of
the build tray, a curved initial rod shape with a complex composite mi-
crostructural design is required.

This is shown in Fig. 5b, where the initial curved rod consists of
seven segments with both the elastomer height fraction and the cross-
section twist angle plotted as a function of position along the length of
rod. The first rod segment is straight with a length of 240 mm, a
Tango+ height fraction of 70% and the twist of the cross-section chang-
es linearly from 0° to−22.5°, which results in one coil with the desired
diameter and pitch. The following segments are ¼ of a circle each,
where the first three have a length of 240 mm and shall also result in
one coil each, while the latter three have a length of 200 mm and will
each result in 2/3 coils. The elastomer height fractions and the cross-
section twist angles of the rods in Fig. 5b are designed by simulations
to yield coils that have the desired diameter and pitch.
Fig. 5.Helix directly transformed from a flat rod upon heating. a) Plan view of the printed, initi
cross-section along the length of the flat rod. The actuated helical shape after heating and cool
The 3D printed initial flat structure and the final configuration after
heating are shown in Fig. 5a and c. The final transformed helix shape is
in good agreement with the simulation in Fig. 5d, though some varia-
tions in diameter and pitch are visible. This might be due to the small
variations of material compositions in the 3D printing.

3.5. Discussion

In most 3D printing technologies, the part has to be supported from
below to avoid collapse during printing. This induces a large amount of
sacrificial materials when printing hollow or slender 3D structures. 3D
structures transformed from straight or curved 1D composite rods
have considerable potential and offer advantages over conventional
3D printing technologies by reducing printing time as well as the
amount of support material required. Fig. 6 highlights this feature for
the buckyball of Fig. 4 — the as-printed structures are shown for both
conventional 3D printing (Fig. 6a and b) and our 4D printing approach
where the flat rod mesh is printed (Fig. 6c). As shown in Fig. 6a and b,
each spatial component in the 3D buckyball has to be supported. It is
clearly evident that a significantly larger amount of support material is
needed in conventional 3D printing. In contrast, the flat 2D buckyball
mesh almost does not need any support, except some sacrificial mate-
rials set by the system to connect the model part with the build tray.

Table 1 compares the model and support material required for each
of the structures in Figs. 3–5, as well as the time required for both con-
ventional PolyJet 3D printing and 4D printing of 1D rod structures. The
4D printing method offers significant reduction of both printing time
and material consumption, bringing savings beyond 70% in the former
and 90% in the latter in all three examples we demonstrated. It should
be noted that the supports consist of a combination of soft support ma-
terial (gel) and rigid model material (Vero), which results in more
modelmaterial being required for 3D printing than 4D printing. In addi-
tion, the post process required to remove the support material in con-
ventional 3D printing for slender 3D structure can be time consuming,
as a large amount of material has to be cleaned in a careful way to
avoid breaking the slender model part. The time for this process in 4D
ally flat rod on the print tray. b) The elastomer height fraction and layer twist angle of the
ing to room temperature: c) experiment, and d) simulation.



Fig. 6.Model and supportmaterials of buckyball in conventional 3Dprinting and 4D printing. The buckyball in conventional 3Dprinting from a) isometric viewandb) top viewneeds to be
supported by a large amount of sacrificial material. c) The initially flat, 4D printed buckyball mesh consumes only little support material.
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printing is greatly reduced, but at the expense of needing to perform the
heating process after printing to assemble the 3D structure. Additional
savings in printing time could be achieved by strategic placement of
multiple flat rods in a single print, as considerable unused area exists
on the build tray for the examples shown in Figs. 3–5.

Another advantage of our approach is that it could allow a structure
to be stored or transported in the printed, flat configuration and then as-
sembled on demand simply by heating to create the final, 3-
dimensional service shape. In addition, as illustrated in the examples
for the 3D cubic frame and the helix, 3D printing is in general limited
by the size of the build tray. However, these limitations are overcome
bydesignswherewe use long rodswith curved and spiral initial printed
shapes. Such a solution also demonstrates the possibility of achieving
highly packed initial printed rods and then later deploying them into
large structures.

4. Conclusions

We presented a new approach to design and manufacture 3D struc-
tures by 3D printing of programmable, 1D composite rod architectures
that self-assemble upon heating and then retain the 3D configuration
Table 1
Comparison of material and time needed for the 3D structure using the conventional PolyJet 3

Structure 4D/3D printing material and time consumption

Model
material (g)

Support
material (g)

Printing time
(h)

Model

4D 3D 4D 3D 4D 3D

Cubic frame 28 93 14 179 3.3 13.9
Buckyball 36 145 24 316 3.3 17.2
Helix 26 95 13 148 3.3 12.0
when cooled. The combination of our experiments and simulations re-
vealed the main characteristics and parameters that can be used to de-
sign 1D composite rods to yield desired 3D structures in a predictable
and reproducible way.We used our thermomechanical model to design
a series of programmable composite rod structures that exploit the abil-
ity to vary the elastomer layer height fraction and the cross-section
twist angle along the rod axis to self-assemble into complex, permanent
3D shapes. The examples exploited basic bending and coiling deforma-
tions and their interaction, and the experimental shape changes agree
well with the simulation results. Overall, our proposed approach
opens a promising direction for more efficient additive manufacturing
of complicated 3D structures through 4D printing for self-assembly,
and could offer a new class of active products where the 1D structures
are firstly manufactured efficiently, stored or transported conveniently,
and then assembled into the final service configurations on demand
simply by heating.
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Fig. A1. Thermo-mechanical properties of elastomer and glassy polymer. a) Storage modulus vs temperature. b) Tan Delta vs temperature. c) Static tensile test. d) Thermal strain in one
heating-cooling cycle.
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Appendix

A.1. Materials characterization

The materials characteristics that are necessary to the 4D printing
scenarios that we explore were experimentally determined and results
are shown in Fig. A1. The glassy polymer has a much higher storage
modulus than the elastomer at room temperature, but the difference
is significantly decreased with the increase of temperature (Fig. A1a).
The peaks in Fig. A1b indicate the glass transition temperatures of glassy
polymer and elastomer (~60 °C versus ~8 °C). Their Young's moduli at
high temperature (65 °C) were measured from uniaxial tension tests
shown in Fig. A1c (~6.0 MPa versus ~0.6 MPa). The coefficients of ther-
mal expansion of glassy polymer and elastomer (1.7·10−4 K−1 versus
2.3·10−4 K−1 ) can be calculated from their thermal strains shown in
Fig. A1d.

A.2. Constitutive matrices for composite cross-sections

Here, we present the derivation of the constitutive matrices for the
thermomechanical 3D rod model and the analytical 1D beam model
with composite cross-sections introduced in Section 2.3.

In our applications we deal with 4D printed rods with circular, 2-
layered cross-sections. For derivation of the constitutive matrices re-
quired for 3Dmodelingwemake the following assumptions and defini-
tions (see Fig. 1d): the layering is along local d2-direction; domain of
lower layer is S0 with Young's modulus E0 and thermal expansion α0,
upper layer S1 with E1 and α1; constant Poisson's ratios ν=ν0=ν1

andmass densities ρ=ρ0=ρ1 for both materials. Then the constitutive
matrices [40] read as:

A ¼
k1μ 0 0
0 k2μ 0
0 0 1

0
@

1
AA33; B ¼

0 0 0
0 0 0
B31 0 0

0
@

1
A; C

¼
C11 0 0
0 C22 0
0 0 C33

0
@

1
A; ðA:1Þ

Aα ¼
k1μ 0 0
0 k2μ 0
0 0 1

0
@

1
AAα

33; Bα ¼
0 0 0
0 0 0
Bα
31 0 0

0
@

1
A

where k1 ¼ k2 ¼ 5
6 and μ ¼ 1

2ð1þνÞ. The further constants take the follow-

ing form:

A33 ¼ E0A
0
33 þ E1A

1
33; A

0
33 ¼

Z
S0
dx; A

1
33 ¼

Z
S1
dx;

B31 ¼ E0B
0
31 þ E1B

1
31; B

0
31 ¼

Z
S0
x2 dx; B

1
31 ¼

Z
S1
x2 dx;

C11 ¼ E0C
0
11 þ E1C

1
11; C

0
11 ¼

Z
S0
x22 dx; C

1
11 ¼

Z
S1
x22dx;

C22 ¼ E0C
0
22 þ E1C

1
22; C

0
22 ¼

Z
S0
x21 dx; C

1
22 ¼

Z
S1
x21dx;

C33 ≡ C33 S0; E0; S1; E1ð Þ; ðA:2Þ

Aα
33 ¼ α0E0A

0
33 þ α1E1A

1
33;

Bα
31 ¼ α0E0B

0
31 þ α1E1B

1
31;
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For a circular cross-section shape with radius r; and a layer height is
hL, the integrals above over the domains of the two materials S0 and S1
above can be easily analytically computed using θ ¼ 2 cos−1 hL

r :

A
0
33 ¼ r2

2
2π−θþ sinθð Þ; A

1
33 ¼ r2

2
θ− sinθð Þ; B

0
31 ¼ −B

1
31

¼ −
2
3
r3 sin3 θ

2
;

C
0
11 ¼ r4

16
4π−2θþ sin2θð Þ; C

1
11 ¼ r4

16
2θ− sin2θð Þ; ðA:3Þ

C
0
22 ¼ r4

48
12π−6θþ 8 sinθ− sin2θð Þ; C

1
11 ¼ r4

48
6θ−8 sinθþ sin2θð Þ:

The determination of the torsion constant C33 is more complex [40],
as it requires the solution of partial differential equation 2D problem on
the cross-section, which can only be expressed analytically for the case

of a uniform circular cross-section without layering and is then C33 ¼ E
πr4
2 . For layered cross-sections, we have computed numerical solutions

for C33 and approximate them using the analytical expression C33 ¼ E0
πr4
32 ðð1þ hL

r Þ
3 þ 2ð1þ hL

r Þ
2Þ þ E1 πr4

32 ðð1− hL
r Þ

3 þ 2ð1− hL
r Þ

2Þ.
For twisted cross-sections, where the layering is always twisted by a

torsion angle τ around the axis perpendicular to the cross-section,
i.e., the d3-axis in global coordinates and the z-axis in local coordinates,
see also Fig. 1d, and thus the constitutive matrices, which are also de-
fined in local coordinates, become:

Aτ ¼ A; Bτ ¼ BRTτ ; Cτ ¼ RτCRTτ ; Aτα ¼ Aα; Bτα ¼ BαRTτ ; ðA:4Þ

whereRτ is a 3D rotationmatrixwhich is always around the local z-axis,
i.e., the global d3-axis:

Rτ ¼
cosτ − sinτ 0
sinτ cosτ 0
0 0 1

0
@

1
A: ðA:5Þ

The analytical 1D model presented in Section 2.3.1 can be
interpreted as a special case of the 3Dmodel, where only axial compres-
sion/tension, as well as bending around the d1-axis are considered.
Thus, ε¼̂ε3 and κ¼̂κ1, and consequently only the corresponding compo-
nents of the stresses and constitutive matrices of Eq. (A.1) have to be
considered in Eq. (1):

A¼̂A33; B¼̂B31; C¼̂C11; Aα¼̂Aα
33; Bα¼̂Bα

31: ðA:6Þ
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