
HAL Id: hal-05455061
https://hal.science/hal-05455061v1

Submitted on 12 Jan 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License

Design for 4D printing: rapidly exploring the design space
around smart materials

Germain Sossou, Frédéric Demoly, Ghislain Montavon, Samuel Gomes

To cite this version:
Germain Sossou, Frédéric Demoly, Ghislain Montavon, Samuel Gomes. Design for 4D printing:
rapidly exploring the design space around smart materials. Procedia CIRP, 2018, 70, pp.120-125.
⟨10.1016/j.procir.2018.02.032⟩. ⟨hal-05455061⟩

https://hal.science/hal-05455061v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


ScienceDirect

Available online at www.sciencedirect.com

www.elsevier.com/locate/procedia 
Procedia CIRP 70 (2018) 120–125

2212-8271 © 2018 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/3.0/)
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018.
10.1016/j.procir.2018.02.032

1. Introduction

4D printing (4DP) entails the use of an AM technique to pro-
cess SMs, and possibly others conventional materials to build
an object. In others words 4DP can be seen as the interac-
tion between smart materials (SMs) and AM (4D printing = 3D
printing + SMs). ASTM International classifies AM processes
in 7 families [1], each characterized by the principle according
to which matter is formed. They include: material extrusion
(whose typical technique is fused deposition modeling), powder
bed fusion, vat photopolymerization (whose most commercial-
ized technique is SLA – stereolithography apparatus), material
jetting (e.g. PolyJet ), sheet lamination, directed energy depo-
sition, and binder jetting. Besides there is about thirty types of
SMs [2] which differ depending on what they are sensitive to
and how they respond to the stimuli. The whole spectra of AM
processes and SMs can therefore potentially yield more than
270 ways of exploring 4DP. Despite still being in its infancy,
the 4DP technology has already been the subject of many re-
view papers [3,4]. The ways this new material/process inter-
action has been researched so far are briefly outlined in Figure
1.

The desire to make structures more efficient is the main driv-

ing force behind research in the field of materials. The perfor-
mance sought is almost always the optimization of one or more
structural properties (strength, density, etc.) of materials, which
has led, for example, to the emergence of composite materials
or functionally graded materials[5]. However with the discov-
ery of piezoelectricity in 1880 and the shape memory effect, the
desired materials’ performance is no longer solely structural but
also functional. Thus, the need to provide materials with func-
tional capacities has led to the emergence of the so-called smart
materials (SMs). Different definitions of SMs are found, but
all agree that they are materials that are sensitive to a stimulus
(or several stimuli[6] and able to alter their states as a response
to the stimuli. Bogue [7] identifies the following repertoire of
SMs functionality: shape changing, self-actuating, self-healing,
self-diagnostic and self-sensing. The smartness of these materi-
als can be classified according to whether they exhibit an active
functionality (i.e. generating stress or deformation) or passive
one (i.e. producing no stress or displacement such as optical
fibers or photovoltaic materials).

Despite their interesting properties, there are relatively few
products made of SMs that make their way out of laborato-
ries. Even for shape memory alloys (SMA), many applications
do not pass the stage of real industrialization; this is for in-
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Abstract

The shape and material complexities allowed by additive manufacturing (AM) have favoured a new research trend coined as 4D printing
(4DP), and which is about AM of smart materials (SMs). While the manufacturing aspect of 4DP has been intensively investigated, a
little has been done to empower designers so that they can efficiently tackle design problems solvable by this new emerging technology.
A 4DP design problem is ways more complex than a conventional one in that, it involves designing a change strategy consistent with the
desired functionality, designing a structure which is additively manufacturable, and which is made (partially or not) of stimulus responsive
SMs. In this paper a contribution is made towards this latter aspect of 4DP. Smart materials (SMs) are extensively researched, especially
as regards syntheses, characterization, constitutive behaviour modelling, etc. As such their physical fundamentals are well understood,
however using them by non-experts is still challenging. After a brief review of 4DP and the SMs realm, and an outline of what designers
may need, a platform allowing designers to rapidly explore the design space around SMs in a physically realistic way and on a voxel basis
is proposed. It is shown how such platform can expedite the design process with SMs. Routes for improving/expanding the platform, are put forth.
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Fig. 1. Existing 4D printing technologies.

stance the case of the Boeing Variable Geometry Chevron [8]
using SMA pads, which has not yet flown. Various reasons
may explain this situation. SMs exhibit non-linear behavior and
time-dependent properties. Properties such as Young’s mod-
ulus, yield strength and conductivity can change significantly
during product use or as a consequence of changes in the en-
vironment (temperature, humidity, etc.); this makes their uses
more complex by a non-expert. Moreover, the technological
maturity of these materials also hinders their adoption. Con-
ventional materials are completely characterized and standard-
ized: their behaviors and lifetimes can be predicted accurately.
Such a level of reliability is, however, not (yet) reached in the
case of SMs in general. This gap often leads to conduct several
validation tests and possibly to carry out many design iterations
to develop a SM based product.

Furthermore, research efforts in SMs are mainly targeted at
understanding their physical fundamentals (syntheses, charac-
terization, constitutive behavior modeling, etc.). Apart from
some applications-specific research areas such as structural
health monitoring or energy harvesting, a very few has been
done to allow the designers – that is, those more likely to find
original industrial applications of SMs – to consider them with-
out reliance on experts’ knowledge. This need to empower de-
signers to use SMs in their applications without requiring them
to be experts, has been highlighted as early as in 1997 [9] for
the case from shape memory alloys. However from then this
call to action has been barely heard. There have been databases
describing the SMs in term of responsiveness (stimulus, re-
sponse), but these data are purely informative and do not help
in testing rapidly and realistically the SMs behaviors. While
a field’s expert is not necessarily a good designer, it cannot be
asserted neither that a good designer can effectively design a
product considering a field he or she barely knows. There is
therefore a need to bridge the gap between SMs experts and
designers, so that the latter’s creativity can leverage SMs’ prop-
erties to generate more applications. Besides with the emergent
technology of 4D printing, the aforementioned need is more
and more urgent.

Broadly speaking, this paper is intended to contribute to the
4D printing revolution, on the design methodology side. Par-
ticularly it provides the first research efforts for a pipeline for
designers to rapidly design and simulate SMs based items, in a
way relevant to the AM characteristics of 4DP, that is, through

voxel-based modeling. A holistic approach for effectively tack-
ling a 4DP design problem, along with a further description of
the SMs realm, are first introduced in section 2. The proposed
SMs modeling and simulation platform is shown in section 3.
Conclusions and future work are stressed out in the last section.

2. Designing for 4D printing

2.1. A holistic approach to the problem

Inherent to a 4D printed product are three main character-
istics: its ability to change in a way consistent to the desired
functionality, its material distribution which is partially or to-
tally made of SMs, and its structure which is to be additively
manufacturable. These make the design process of a 4D printed
product more complex than the one for a conventional product.
Tackling a 4DP design problem holistically could be through an
approach consisting in answering these questions:

• How do we produce objects’ designs that are efficiently
suited for AM processes?
• How a product is well designed to assume various states

and potentially to fulfil various functionalities?
• How is the knowledge about the smartness of smart ma-

terials, made effectively available to designers? And how
can these designers – which are likely to be non-experts –
easily model and simulate their SMs-based designs?

Such a holistic approach is depicted in Figure 2. A design
for transformation scheme methodology is first used to design
a context – or a backbone – that is consistent with the desired
change and that directs (and somehow constrains) downstream
stages of the design process. This change oriented context is
then used to design the active and inert parts of the product us-
ing a Design with SMs (DwSM) approach and a Design For
AM (DFAM) scheme. As mentioned in the introduction sec-
tion, this paper is mainly intended to contribute to the DwSM
aspect of our overall Design for 4D printing research project.

2.2. Exploring the design space around smart materials

Within the DwSM toolbox, of high importance is under-
standing or grasping the basic behaviours of the SMs. Indeed,
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Fig. 2. Design for 4D printing framework including DwSM part.

a designer cannot successfully handle a design problem in a
field he or she barely knows. As such, the endeavour to ease
the design process for any project involving SMs, entails mak-
ing the knowledge on SMs available in a way accessible and
understandable by designers. Such knowledge would serve the
purpose of instilling the basic behaviours and capabilities of
SMs. Though the purpose of this paper is not to review all the
SMs (many review papers are available on the topic [7,10]), it is
worth outlining the capabilities of SMs at first. Therefore, and
for the sake of comprehensiveness, this subsection is intended
to fulfill that goal.

Since the discovery of piezoelectricity and the shape mem-
ory effect, the range of SMs properties has significantly ex-
panded, in terms both of stimuli and responses. Many defini-
tions of SMs are found in the literature, however all of them are
in agreement with the fact that these are materials whose prop-
erties (be them physical or chemical) are altered as a response
to a specific change – a stimulus – in their environment. Behind
such properties, can be seen the research endeavor to incorpo-
rate intelligence in the matter so it behaves autonomously by
sensing, reacting and adapting to the environment, as does any
biological system. Many matters possessing such capabilities
are termed as smart materials; however for the purpose of our
study we provide other characteristics which define the scope
of our investigation. We consider as SMs:

• Materials which sense and react to stimuli at their own,
that is, which do not need another material to perform
such functions. This excludes for instance dielectric elas-
tomers, because for these materials to work they must be
sandwiched between two electrodes.
• Materials whose response is not encountered, as a physi-

cal phenomenon in a conventional material. Thus are ex-
cluded, materials such as electrocaloric materials which
– like any resistive materials exhibiting the Joule effect –
show a reversible temperature change as a response to an
electrical current.
• Materials whose response to a stimulus is different from

the stimulus itself.

Depending on how they respond to a stimulus, SMs fall in
any of the following groups:

• Shape changers: these are those which respond to stimuli
by strain or stress. While some of them simply exhibit
change in size (e.g. hydrogel, piezoelectric material, etc.)
other, such as shape memory material, react by changing
shape.
• Optical sensors: within this group are materials whose re-

sponse is optically perceivable; this includes for instance
thermochromic materials, triboluminescent materials or
switchable mirrors.
• Converters: these materials are those whose response is

typically a signal that can be used as a stimulus for an-
other SM or to provide information about a medium’s
state. Examples of such materials include piezoelectric
material, thermoelectric material or photovoltaic material.
This group is not totally mutually exclusive with the sen-
sory materials group.
• State changers: SMs usually have a single condition;

state changers are those whose conditions change in re-
sponse to the right stimulus. Examples of these are electro-
/magneto-rheological fluids or shear thickening fluids.

The repertoire of basic behaviors (or functionalities) pro-
vided by SMs is summarized in Figure 3.

3. Designing with smart materials

The importance of understanding or grasping the basic be-
haviors of the involved SM has been highlighted. A further
stage towards empowering designers to consider SMs applica-
tions, entails letting them to realistically model and simulate
their designs. Indeed, at a time of the design process when the
designer has an idea of a material distribution, how can he or
she knows that it actually behaves the way it is intended to un-
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der the right stimulus? To help designers in this regard, the
design process should be, as early as possible, informed on the
actual behavior. This could be done by providing a framework
where material distributions (including both inert materials and
SMs) can be modeled and simulated. This requires modeling
the behaviors of SMs. For such model to be as realistic as pos-
sible, it must:

• Reproduce actual behavior of matter, i.e. any deformation
must be physically plausible and accurate.
• Be volumetric, as shape is involved.
• Be sensitive: its behaviour should be driven by changes

in the environment. It must depends on variable measur-
ing how much stimulus is sensed, so that behaviours are
triggered accordingly.
• Capture the actual behaviour of the modeled SM.

Furthermore, in order to let designers rapidly explore the de-
sign space around SMs in the conceptual design phase, running
qualitative simulation based on these models should be easy
and fast enough (not too much computationally costly). Users
should be able to pattern these materials in any arrangement in
order to test their distributions’ behaviours.

3.1. Modelling matter

A scheme for modelling matter or conventional material is
first needed, and then the model will be altered accordingly to
model the stimulus responsive behaviour of the SMs. In such
a way, the accuracy and relevancy of finite element method
(FEM) in modelling material behaviour make it a good can-
didate for our needs. However, this modelling method does
have some limitations that may hinder the exploration of what
is possible in the early design phase. SMs (even the metallic

ones) can exhibit large deformation: hydrogel can shrink by up
to 400%, and SMPs can recover from strain more than 200%.
Traditional FEM is not very appropriate at handling such large
deformations. Linear elastic theory is used to derive the FEM
equations, and therefore objects’ deformations are assumed to
be small (typically around 1%, what is true for materials such
as metals).

In this context, a 4D printed item does fully leverage SMs
capabilities when these can be combined with other conven-
tional (or smart) materials, in other words while taken alone
SMs do exhibit interesting capabilities, but taken in combina-
tion with other materials either, what is achievable is expanded
or less SM is required to achieve the same result. Depending
on how two (or more) materials are combined, the overall re-
sponse to a stimulus may not be the same as shown in [11].
As such a well-balanced 4D printed item is inherently multi-
material. Simulating the behaviour of a heterogeneous object
through FEM reveals quite cumbersome, and may be too com-
putationally costly, which makes it not worth particularly at the
beginning of the design process.

The computer graphics industry has flourished, over the
course of computers’ power evolution, with number of meth-
ods (including FEM) for realistically modelling matter dynam-
ics (especially deformation) and on a physics basis [12]. Sim-
ulation with these methods can be at an interactive rate. De-
spite the obviousness and the relevancy of these modelling tech-
niques to 4D printing modelling, design and simulation issues,
almost none of them has hitherto been harnessed to 4D printing.
We elected to use mass-spring systems (MSS) to model matter.
Rationale behind this decision includes the fact that MSS al-
low rapid simulation, indeed this modelling scheme can rapidly
yield a true qualitative response to the behaviour of a given ma-
terial distribution under a specific stimulus.

Instead of using points as the matter constituents, voxels
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Fig. 4. (a) Modeling scheme and (b) Exploded view of a voxel with its neighboring voxels.

(considered as volumetric pixels) are used, as depicted in Fig-
ure 4.(a). Using voxel eases the cognitive aspect of the design
activity, in that as it inherently involves shape, spatial reasoning
(which is inherent to the decision of a material distribution) is
better processed. In place of springs between adjacent voxels
beams are used, as shown in Figure 4.(b). These beams resist
stretching, biaxial bending and twisting. Voxels at both ends
of a beam can move spatially, actually each node of the beam
has 6 degrees of freedom. Beams extend from center to center,
half of their length being inside either of the voxels, and so de-
pend their material properties. For instance, in case of a beam
connecting two voxels made of dissimilar materials, the beam
elastic modulus (E) and shear modulus (G) are calculated with
the following formula:

E =
2E1E2

E1 + E2
and G =

2G1G2

G1 +G2
(1)

Here a standard Bernoulli-Euler beam theory is used to
model the behaviour of the beam. The interaction between vox-
els is made more physically realistic by adding others forces
and moments to the beam, these account for damping, collision
and self-penetration avoidance. In addition to variables mea-
suring their spatial position, each of the voxels has a variable
measuring a stimulus in the environment. Depending on the
modelled material , this variable triggers a specific change in
the voxel, or equivalently in the beams extending from this one.

3.2. Implementation and use case

An new add-on – which is called VoxSmart – has been de-
veloped within the GrasshopperTM (GH) plugin environment
to embody the proposed representation and simulation scheme.
GH is a graphical algorithm editor using generative algorithms
that is related to the CAD tool Rhinoceros R© [13]. The repre-
sentation and simulation of an active part consist of four main
steps:

1. Voxelyzed geometry definition: the part to be simulated
is described on a voxel basis. GH components that allow
for 3D voxels array generation, voxels removal and vox-
els addition have been developed to provide assistance in
the geometry definition. In future versions of VoxSmart, a
component for voxelyzing a predefined geometry will be
available.

2. Material distribution definition: each voxel is assigned a
material. First the materials are created using GH compo-
nents. A generic component for an inert (or conventional)
elastic material is implemented. In addition components

for other stimulus responsive SMs have been also devel-
oped.

3. Stimulus definition: the environment stimulus that is trig-
gering the SM response is specified. Components for var-
ious kinds of stimuli have been implemented, and can be
tuned through a set of specific parameters.

4. Simulation: once geometry, materials and stimulus have
been set, the model can be simulated. The output of all
the previously mentioned components are all collected in
another component that runs the simulation.

The proposed simulation scheme has been tested with a use
case that has been 3D printed: the smart valve shown in [14].
The valve (cf. Figure 5.b) is made out of an inert polymeric
material and hydrogel, which in aqueous medium shrink as the
temperature is rising. Water flows from the top through the cen-
tral part ; sections on the sides are made out of hydrogel and are
also immersed in the water. As the water temperature increases,
the hydrogel sections shrink, causing the bottom part to block
the valve. This behaviour has seamlessly been reproduced with
our developed GH add-on VoxSmart. The part’s model is then
shown in Figure 5.(a).

4. Conclusions and future work

In this paper a contribution has been made to the new emerg-
ing field of 4D printing, especially as regards the design aspect
related to SMs. A mass-spring like modeling scheme – build-
ing on the VoxCad physics engine developed in [15] – has been
used to model both conventional materials and stimulus respon-
sive materials on a voxel basis. Thermo-responsive hydrogel
voxels have been modelled. A physics engine has been put forth
to simulate the behaviours of these materials realistically. The
adopted voxel based modeling scheme allow users to pattern
inert and SMs (here hydrogel) in any 3D distribution, in addi-
tion these distribution can be quickly simulated. An hydrogel
distribution that has been 3D printed [14], has been accurately
simulated by the proposed tool. This work has just begun scru-
tinizing what could be done to empower designers to embrace
the 4D printing revolution. There is much more room to pur-
sue this endeavour. As regards the contribution itself, the way
heat is sensed by the voxels could be made more realistic by
using a discretized heat equation. At a larger extent, more SMs
models could be introduce to cover the whole realm of SMs as
depicted in 2.2. Furthermore, in addition to simply allowing
designer to pattern their own distributions (a task which may
not be trivial when it comes to achieve a desired change), there
could be predefined distributions of each materials (generic dis-
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Fig. 5. (a) Part’s Grasshopper definition and (b) part’s material distribution simulation, as displayed in Rhinoceros3D R©

tributions based of the basic behaviours of SMs) achieving spe-
cific changes. There could also be a topology optimization-like
method for computing distributions, given a source and a target
states, and the involved materials (both conventional and smart
ones). Furthermore, as a bridge to the real world (and for the
sake of physical validation), the so generated distribution ought
to be easily convertible in a file format that can be sent to an
AM machine. As such the choice of modeling matter through
voxels, inherently carries the design freedom (especially as re-
gards material complexity) allowed by processes such as Poly-
Jet. While these theoretical aspects of DwSM are of high im-
portance, the DwSM toolbox cannot be comprehensive without
other logical aspects addressed. These include understanding
the basic behaviours of the SMs (as already stated) and the abil-
ity to select the proper materials for an application. This latter
point cannot be addressed regardless of the fact that SMs are ac-
tually functional materials. Our endeavor to empower designers
to consider SMs based solutions could also consist in helping
selection through a functional approach: given the functions to
be fulfilled, the context, a prescribed change duration and the
stimulus the proper SMs could be selected, so that there are
hints of where to start generating concepts from. These afore-
mentioned future works are under investigation within our re-
search group.
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