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Review

The Design of 4D-Printed Hygromorphs: State-of-the-Art 
and Future Challenges

Charles de Kergariou,* Frédéric Demoly, Adam Perriman, Antoine Le Duigou,  
and Fabrizio Scarpa

In recent years, 4D printing has allowed the rapid development of new 
concepts of multifunctional/adaptive structures. The 4D printing technology 
makes it possible to generate new shapes and/or property-changing capa-
bilities by combining smart materials, multiphysics stimuli, and additive 
manufacturing. Hygromorphs constitute a specific class of new smart mate-
rials where their properties and morphing capabilities are dependent on the 
surrounding humidity, which drives actuation. Although multiple efforts have 
been made to fabricate hygromorph demonstrators, a comprehensive design 
process to produce hygromorphs by multiple 4D printing techniques is not 
yet available. The broad aim of this review and concept paper is to  
i) highlight existing scientific and technology gaps in the field of 4D-printed 
hygromorphs, ii) identify tools existing in other research fields for filling those 
gaps, and iii) discuss a series of guidelines for tackling future challenges 
and opportunities to develop 4D-printed composite hygromorph materials 
and related manufacturing processes. Accordingly, this review describes the 
materials and additive manufacturing techniques used for hygromorph com-
posite fabrication. Moreover, the relevant parameters that control actuation, 
the models selection and performance, the design methods and the actua-
tion measurements for customized 4D-printed hygromorph materials, are 
discussed.
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many materials such as composites. The 
present review focuses on printed adap-
tive macroscale composite materials, i.e., 
materials made of not miscible phases, 
the latter being at the macro and meso 
scales. Adding time as the fourth dimen-
sion in 3D printing leads to the genera-
tion of structures capable of deforming on 
their own, when subjected to an external 
stimulus. Dimassi et  al.[1] conducted 
an ontological study about 4D printing, 
describing the connections and inter-
actions between all the aspects of this 
research field. 4D printed materials is a 
large research domain and the present 
study limits its investigation to three main 
themes such as shown in Figure  1. Only 
multi-phases environmentally stimulated 
4D-printed structures are considered in 
the present review.

The term “4D printing” sometimes 
refers to other functionalities, for instance, 
energy storage[2] or color-changing.[3] The 
study focuses exclusively on coupled geo-
metric/physical/mechanical deforma-
tions with composite materials triggered 
by humidity (also called “hygromorphs”)  

at macroscale. Therefore, the actuation is built from the dif-
ference of expansion between at least two materials. Out-
side of composite materials-based structures, shape memory 
polymers are extensively implemented to achieve similar 
shape changes.[4] Such active materials are for the most part 
ignored in the present study. They will be only discussed when 

 

The ORCID identification number(s) for the author(s) of this article 
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© 2022 The Authors. Advanced Functional Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
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1. Introduction

1.1. Scope of the Study

3D printers are highly versatile in producing parts layer by 
layer, and also allow further exploration of the design space of 
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combined with another material to create composite or multi-
material structures. Among the multiple stimuli available to 
actuate such structure (heat,[5] pH,[6] electricity,[7–9] magnetic 
field[10]) only a limited amount of studies have been conducted 
on humidity-based actuation. Consequently, studies related to 
combined humidity and temperature or only temperature, with 
related models, optimization techniques and actuation concepts 
are also considered in this study. Non-printed structures could 
be considered to describe new materials for 4D-printed applica-
tions,[11] new actuation measuring techniques[12] or if they bring 
potential improvement to the design of 4D-printed equivalent 
structures.[13]

Figure 2 presents the evolution of the number of publications 
including the keyword “4D print*” in the title (from the Web of 
Science database on the 5th of September 2022[14]). A total of 
593 publications have been found to date, with increasing num-
bers of papers published every year from 2014.

The graph also presents key publications in the domain. 
The first two key papers defining the term 4D printing were 
published in 2014 by Tibbits et  al.[15] and by Ge et  al.[16] Baka-
rich et  al.[17] measured the mechanical properties and the 

deformation properties of hydrogels and proposed them as an 
efficient material for 4D printing. This paper paved the way for 
use of hydrogels in 4D-printed actuators. The latter hydrogel 
route has been taken by Gladman et  al.[18] who published the 
most cited study of the field by cellulose-reinforced hydrogel-
based actuators. Reproducing the actuation generated in this 
study is still considered as a benchmark for new 4D printing 
materials.[18] The same year Correa et  al.[19] produced a study 
using wood reinforced polymer and mimicking the deforma-
tion mechanism of pine cones. Both the material implemented 
and the bio-mimicking strategy adopted find extensive applica-
tion in this research area, following Correa et al.’s work. Two of 
the most important studies for the generation of multi-material 
actuators have been published by Ge et al.[20] and Ding et al.[21] 
Their use of shape memory polymers broadens the design 
space of 4D-printed composites. The use of continuous fibers 
for 3D-printed actuators has started with Wang et  al.,[22] who 
printed continuous carbon fiber on a flexible and expandable 
polymer (Polyamide 66 - PA66). From here, many research 
groups have tried to combine the benefits of using continuous 
fibers and the flexibility of additive manufacturing.

1.2. Design Process

Design for Additive Manufacturing (DfAM) defines an exten-
sive methodology encompassing all the activities from the con-
cept idea to its prototype.[23–25] It considers the specificity of 3D 
printing to make the most of its advantages and drawbacks. 
According to Rosen,[23] the general uniqueness of additive man-
ufacturing includes shape, material, hierarchical and functional 
complexity. For instance, the flexibility of the additive manu-
facturing technique allows to renew completely the design of 
mechanically loaded parts.[26]

The first aim of the present review is to highlight the areas 
still to explore in the 4D-printed composite hygromorph 
research field and providing tools to conduct the design, 
models, and experiments to pursue those explorations. Map-
ping the knowledge gaps in the area of 4D-printed composite 
hygromorphs requires taking inspiration from other fields of 
research (i.e., thermally stimulated 4D-printed research for 
material distribution, compliance optimization research field 
for design of fiber-based hygromorphs). Finally, the present 
literature study aims to compile some design guidelines for 
humidity-actuated hygromorphs and related adaptive struc-
tures. The study is organized around the three main steps pre-
sented in Figure 3. The three triangles in Figure 3 present these 
three steps. Step one relates to the definition of the materials, 
3D-printing techniques and objective of the actuation. The 
second step reviews and discusses the measurement of expan-
sion, stiffness and quality of the materials considered for 4D 
printing. Finally, the last step presents the modeling, optimiza-
tion and conditioning techniques implemented to design and 
build moisture-triggered actuators. In each of these sections, 
the review aims to critically describe the state-of-the-art knowl-
edge. Following these descriptions, new concepts and gener-
alizations aim to be provided. The guidelines provided to the 
reader to help the hygromorph design are extracted from the 
general concepts subsequently defined.

Figure 1. Main topics considered in the present review.

Figure 2. Publication history of 4D printing: Number of publications and 
key papers. (From Web of science[14])
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Figure  4 presents the design process proposed for the 
4D-printed hygromorphs. Here the designer should first define 
a general conceptual configuration for the actuator, i.e., func-
tionality, range of properties, and dimensions. The designer 
should then look at the availability of suitable 3D printer(s), 
material(s) (and related properties measurements), condi-
tioning system for the actuation (immersed or not immersed), 
and the modeling technique and software. The designer also 
has to make sure that these elements can be combined: 3D 
printers can only use specific types of materials, and not every 
software dedicated to modeling can consider any material con-
stitutive law. The actuation can be controlled by several para-
meters (i.e., material properties or process parameters). Hence, 
the designer has to consider the control of the actuation to 
achieve a desired shape change from an initial design space. 
Consequently, the following steps consist in adding constraints 
to restrict this design space. At this point, it is critical to start 
printing small trial parts to assess the capability of the printing 
technique. The process parameters (i.e., slicer used, geometry 

achievable) and the functional objective of the 4D-printed struc-
ture constrain the design space. The modeling scales for actua-
tors are defined later in the present study as layer scale, phase 
scale and intra-phase scale. At this stage, the scale of the model 
has to be selected. In parallel, first simple model techniques 
(i.e., Timoshenko model, Classical Laminate Theory (CLT)) can 
be considered to adjust the design space for the optimization 
run. Genetic algorithms or neural networks are then used to 
optimize the multi-functionality of the defined structure. In 
case of a successful convergence of the optimization process, 
as the last step presented in Figure 4, the configuration can be 
turned into a printable G-code file.

1.3. Applications

The two main current fields of applications for hygromorphs 
are biomedical and adaptive structures engineering. In most 
of the applications presented here as humidity-triggered actua-
tors, temperature has an impact on the actuation. Even though, 
the present review focuses on the humidity as the main trigger 
actuation agent (also called stimulus); in most applications, it is 
impossible to fully de-correlate humidity and temperature, as 
they influence each other. In most applications highlighted in 
this section, the humidity triggers the actuation in parallel to 
the temperature. Outdoor applications undergo stimulus from 
humidity and temperature at the same time. The idea behind 
this study is to focus only on the moisture to show the potential 
to qualify and quantify the impact of these trigger mechanisms 
on the actuation of different 4D-printed structures. By studying 
moisture separately, it will be easier to understand its impact 
on 4D-printed applications when combined with temperature 
or other sources of actuation.

Wang et  al.[27] used actuators to create a 4D mesh capable 
of adopting a predefined shape when immersed in water after 
been printed in a flat shape. Such versatile structure has poten-
tially many applications, from morphing chairs, to body armor 
and plates. Hygromorphs have also potential as primarily 
loaded structures. For instance, Jayashankar et  al.[28] created a 
3D-printed truss structure actuated with a humidified chitosan 
layer positioned on top. 3D printing can also help the imple-
mentation of non printed hygromorphs by bringing flexibility 
to the design. For instance, the wooden heat and humidity-
triggered actuators proposed by Rüggeberg et al.[29,30] and actu-
ated by the sun would benefit from a more precise design able 
to tailor the orientation with accuracy. A solar tracker actuation 
concept combining shape memory alloy springs and a polymer 
has also been tested.[31] Skins for self-regulating buildings have 
also significant potential for applications as well.[32,33] However, 
recent developments of 4D-printed actuators are mostly domi-
nated by heat-stimulated structures. Nonetheless, hygromorph 
designs can be inspired by those types of actuators. 4D printing 
facilitates the production of certain parts. For instance, instead 
of laying up a composite in a complex shape mold, Hoa et al.[34] 
have proposed to 3D print asymmetric layups on the flat sur-
face, with the subsequent actuation placing the structure into 
the required shape, i.e., corrugated structures placed as core 
in sandwich panels[35] or springs.[36] Momeni et al.[37] proposed 
the development of smart flowers-inspired solar concentrators. 

Figure 3. Organization of the present study: a) Define the objective 
(including at least one actuation function), the material and the printing 
technique among the options previously described in the open literature, 
b) Measure the expansion, the stiffness and the quality of the material 
and propose decision trees based on the type of actuation, material and 
3D printing technique selected, c) Implement a model, an optimization 
technique and a Relative Humidity (RH) conditioning system to improve 
as much as possible and measure the multi-functionality of the structure. 
An example of a 4D-printed structure is provided in the last triangle.

Figure 4. Design process of 4D-printed hygromorph actuators.

Adv. Funct. Mater. 2022, 2210353

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202210353 by U
niversity O

f B
ristol L

ibrary, W
iley O

nline L
ibrary on [27/01/2023]. 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



www.afm-journal.dewww.advancedsciencenews.com

2210353 (4 of 41) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Other adaptive structures that could be developed by additive 
manufacturing are leaves-inspired wind turbine blades.[38] For 
these blades, the shape-shifting capability is tailored by the 
bend-twist stresses coupling generated via the distribution of 
3D-printed materials. This coupling is itself controlled by heat. 
4D printing also provides designers and engineers with a way of 
producing ultra-personalized objects, like shoes,[39] or armor.[40]

The biomedical and food industry sectors are some of the 
most important domains of application for hygromorphs.[41,42] 
Actuation adds functionality to certain structures. For instance, 
tissue reconstruction and engineering could benefit from the 
shape modification induced upon humidity or pH variations in 
human or animal bodies. The hydrogel-based organs produced 
by Kang et  al.[43] and Cui et  al.[44] are prime examples of such 
structures. Zu et  al.[45] have created a hydrogel capsule deliv-
ering drugs when reaching specific stimuli. The 4D printing 
actuation can be used for bone repairing, as shown by You 
et al.[46] Adding living cells in the hygromorphs can also help to 
obtain even greater multi-functionality in the structure.[47]

Last but not least, as it touches on many aspects of engineering, 
3D printing, multi-functionality, material properties and design, 
4D printing is considered as a teaching and pedagogical tool.[48]

1.4. Aim and Objectives

The field of 4D printing started a decade ago and is turning 
slowly to real technological applications. Although most studies 
related to 4D printing focus on one source of actuation, a com-
plex network of stimuli needs to be considered for real-life 
out-of-laboratory applications. The understanding of those syn-
ergistic stimuli is essential to qualify and quantify the motion 
of parts within a 4D-printed component. Among the different 
stimuli available to actuate 4D-printed structures, humidity is 
less evaluated than temperature. Among the different types of 
materials available to provide actuation, composites are capable 
of specific actuation based on the differences between material 
properties and on the distribution of the different phases of the 
materials. One of the critical challenges faced to design parts 
for 4D-printed applications is the understanding of the impact 
of the moisture as a trigger to composite actuators.

One objective of the present study is to provide the first over-
view of the field associated to humidity-actuated, 4D-printed 
composite materials. The second objective of this work is to 
provide a practical design process to describe step by step the 
creation of hygromorphs. Classification and conceptualization of 

the different design steps are also aimed at guiding the reader 
through the design process. The third objective of this work 
is to focus on the specificity of the actuation induced by com-
posite materials. The actuation induced by this type of composite 
adaptive structure requires specific design modeling methods, 
but also a clear road map of the material selection process. The 
studies considered to create the holistic overview of the field of 
composite humidity-triggered macroscopic actuators are critically 
analyzed. The critical discussions described in this work would 
potentially lead to ideas about how to improve the design process 
described, also by observing other types of actuation triggers, or 
architectures of composite structures. The conclusions of this 
review also highlight the challenges faced by the research field 
for most steps of the design process defined along this review.

2. 4D Printing Concept

2.1. 4D-Printed Hygromorphs

Figure  5 presents the concept behind the hygromorph actua-
tors. It includes three main elements: composite materials (i.e., 
multi-phase non-miscible materials), Relative Humidity (RH) 
conditioning to actuate the structure and 3D printing to assemble 
the materials. Figure  5 shows that the final actuation not only 
depends on the properties of the original two materials (1 and 2), 
but also on the properties of the newly created inter-phase. Up to 
date, the range of studies related to RH-triggered actuators is lim-
ited. Hence, other types of actuation (i.e., pH[6] and temperature[5]) 
serve as sources of inspiration for the design of hygromorphs.

Dimassi et  al.[1] have proposed six different actuation func-
tions for 4D-printed structures: bending, folding, twisting, 
expansion/contraction, and property change (i.e., color or 
state). In the present review, only bending and twisting are 
considered as the most common actuation functions found in 
structural hygromorphs. These types of actuation are presented 
in Figure 6. The actuation displayed is created by a difference 
between Moisture Content (MC)-triggered expansion between 

Figure 5. General concept behind 4D-printed composite hygromorph 
actuator.

Figure 6. a) Bending actuation. b) Twisting actuation. The types of actuation considered in the present review are a combination of these two actuating 
mechanisms. κ and λ represent the bending and twisting curvatures, respectively.

Adv. Funct. Mater. 2022, 2210353
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the materials. Several parameters can be used to quantify this 
material specific property (i.e., the coefficient of moisture 
expansion (CME)). The differential between materials expan-
sions triggered by moisture creates stresses perpendicular 
to the plane of contact between the same materials, hence 
bending or twisting of the structure.[49]

Tables 1 (long fiber composite), 2 (short fiber composite), 3  
(short fiber composite), 4 (short fiber composite), 5 (multi 
material) and 6 (multi material) summarize the conclusions 
of the works carried out by several research groups in terms of  
RH-actuated structures. All the studies from the literature 
have in common a search for optimal printing parameters. 
These tables highlight three main types of general conclu-
sions are drawn in past studies. The first is the presentation 
of the actuation capability of the material. To achieve this, 
biomimetism has been widely addressed. The second con-
clusion drawn concerns the control the actuation through 
printing, geometric and material parameters. Most of the 
time the experimental studies are conducted on simple speci-

mens. Finally, the last type of conclusion concerns applica-
tions and the form hygromorphs can take. Figure 7 provides 
a synthesis of these conclusion categories, material actuation 
capability, actuation control with parameters and lastly appli-
cations. Each kind of conclusion is described with an example 
of geometry extensively used to. For material capabilities, 
flower biomimicking is introduced. For parameters control, 
usually long slender beam capable of bending or twisting 
have their actuation measured depending on the variation of 
a given parameter.

Compared to a humidity stimulation only, greater actuation 
authority is obtained by combining different expansion trig-
gers. For instance, wetting and heating,[81] photo actuation and 
heating[82] as well as UV light actuation and heating[83] have 
all been proposed as combination of actuating triggers. Wang 
et al.[10] have also proposed a three-stimuli hydrogel bi-material 
hygromorph that could be actuated via magnetic fields, solvent 
composition, and temperature. Even though shape memory 
actuation is not considered in the present review, it is worth 

Table 1. Synthesis of conclusions drawn by past studies related to 4D printed hygromorph actuation. Conditions to be in the Table: • Continuous fiber 
composite • 3D-printed • actuator • RH-stimulated. (Followed by Table 2).

Reference Material Conclusions

Le Duigou et al. (2019)[8] • Continuous Carbon fiber & Polyamide • Control desorption and responsiveness via electric current heating
• Assess the actuation capability of the material system
• Show U-shape specimens actuation

Le Duigou et al. (2021)[50] • Continuous Flax fiber & PolyLactic Acid (PLA)
• Flax fiber & PolyButylene Succinate (PBS)

• Create sequential response
• Control actuation with layer height tailoring.
• Control actuation and responsiveness with interfilament distance tailoring

de Kergariou et al. (2022)[51] • PLA and continuous flax fibers • Show bio-mimicking actuation (flower).

Table 2. Synthesis of conclusions drawn by past studies related to 4D-printed hygromorph actuation. Conditions to be in the Table: • Short fiber com-
posite • 3D-printed • actuator • RH-stimulated. (Followed by Table 3).

Reference Material Conclusions

Gladman et al. 
(2016)[18]

• Hydrogel & Short Cellulose Fiber • Show bio mimicking actuation  
(Dendrobium helix & calla lily)

• Measure filament properties (swelling)
• Measure mechanical properties

Correa et al. 
(2020)[52]

• Short Cellulose Fibrils & 
Acrylonitrile Butadiene  
Styrene (ABS)

• Show bio mimicking actuation (Pinecone)
• Control actuation with different printing patterns

Tahouni et al. 
(2020)[53]

• Short Wood  
fiber & ABS

• Demonstrate several complex actuating patterns
• Demonstrate the applicability of these design patterns (load carrying, face shield)
• Control actuation with hinge crease curvature
• Control actuation with interfilament distance

Cheng et al. 
(2020)[54]

• Short Wood  
fiber & ABS

• Show actuation for several complex printing patterns
• Demonstrate the applicability of these design patterns (orthotic splint)
• Control actuation with mesostructure printing patterns

Tahouni et al. 
(2021)[55]

• PLA, PLA & Short wood fiber,  
ThermoPlastic Copolyester (TPC)

• Create sequential actuation by  
thickness, filling ratio tailoring

• Demonstrate the applicability of these patterns (aperture, cantilever beam)

Zarna et al. 
(2022)[56]

• PLA and short wood fibers &  
PLA

• Demonstrate actuation capability of the material system: cross ply of wood pulp reinforced PLA with a layer of  
PLA on top.

• Show bio-mimicking actuation (flower).
• Control the actuation amplitude by adding milled thermomechanical wood pulp in the shape of either fibers or 

granulate to the PLA.

Adv. Funct. Mater. 2022, 2210353
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highlighting that some research groups have combined bilayer 
actuation (i.e., silicone/wax and silicone/silica layers) with 
strain-tailored shape memory materials to explore new defor-
mation possibilities.[84–86]

2.2. Reversibility

The reversibility is the ability of an actuator to present one and 
one shape only per actuation stimuli independently of its past 
transformation, see Figure 8. The authors suggest there is no 
such thing as a reversible or not reversible material, but rather 
a multi-dimensional spectrum of reversibility for one actuator. 
This spectrum includes the variables defined in Figure  8: 

conditioning RH (n1), the number of repeated cycles (n2), and 
the duration of the conditioning (n3).

The reversibility depends upon the impact of the condi-
tioning on the material properties involved in the actuation. 
Chabaud et al.[87] have tested the reversibility of the mechanical 
properties of carbon fiber reinforced polyamide 66 (PA66) to 
use this material for hygromorphs.[8] The interface between the 
different phases of the composites also affects the reversibility. 
For instance, Regazzi et  al.[88] show that the leaching, micro 
fracturing, and decohesion process occurring when natural 
fiber reinforced composites are immersed in water degrades 
the reversibility. Table  7 shows reversibility studies and per-
formed over 4D-printed moisture actuated structures, which 
have been published in the open literature.

Table 3. Synthesis of conclusions drawn by past studies related to 4D-printed hygromorph actuation. Conditions to be in the Table: • Short fiber com-
posite • 3D-printed • actuator • RH-stimulated. (Following Table 2, followed by Table 4).

Reference Material Conclusions

Cheng et al. 
(2021)[57]

• Short Wood fiber & ABS • Show bio-mimicking actuation (plant: dioscorea bulbifera)
• Control actuation with mesostructure printing patterns (interfilament distance, relative orientation of filament layers, 

thickness)
• Demonstrate the applicability of these patterns (orthotic splint)

Le Duigou et al. 
(2016)[58]

• Short Wood fiber & PLA/
PolyHydroxyAlkanoate 
(PHA)

• Assess the actuation capability of the material system
• Compare actuation to thermocompressed actuators
• Control actuation and responsiveness with printing parameters

Kruger et al. 
(2021)[59]

• PLA & Short wood fibers • Control actuation with mesostructure printing patterns (layer width, layer thickness)

Mulakkal et al. 
(2018)[60]

• Hydrogel & Short  
cellulose fiber

• Show bio-mimicking actuation (flower)
• Control deformation with hydrogel composition/cross-linking (citric acid, clay, cellulose fiber)

Lai et al.  
(2021)[61]

• Hydrogel & short  
cellulose fibers

• Show bio mimicking actuation (flower dendrobium helix)
• Proof-of-concept for the actuation with densification of the polymer network that depends upon the thickness of 

material printed
• Tailor the composition to achieve printability

Qu et al. 
(2022)[62]

• Hydrogel & Cellulose 
nanocrystal & Fe3 +

• Demonstrate actuation capability of the material system: bilayer hydrogel, one layer with cellulose nanocrystal and Fe3 +.
• Control the actuation amplitude and speed with the type of stimuli applied: deionized water or sodium lactate and 

UltraViolet (UV) light.

Table 4. Synthesis of conclusions drawn by past studies related to 4D-printed hygromorph actuation. Conditions to be in the Table: • Short fiber com-
posite • 3D-printed • actuator • RH-stimulated. (Following Table 3, followed by Table 5).

Reference Material Conclusions

Poppinga et al.  
(2020)[63]

• Short wood and cellulose 
fibers & ABS

• Show bio-mimicking actuation (pine cone scale, lily flower)
• Demonstrate actuation of an aperture
• Demonstrate actuation of an fly trap via snap through actuation
• Proof-of-concept for artificial waterwheel

Langhans et al.  
(2021)[64]

• PLA and Short cellulose or 
arbocel fillers & ABS

• Control actuation with the orientation and amount of fillers

Vazquez et al.  
(2019)[65]

• PLA & Short wood fibers • Control actuation with the relative orientation of printing path between layers, the number of layer and the stacking 
sequence

• Show kirigami structures actuation (i.e., concentric kirigami, multi-material kirigami, extending hinges)

Vazquez et al.  
(2020)[66]

• PLA & Short wood fibers • Control actuation with the interfilament distance, the thickness ration among layers, printing path, and layer height
• Show origami modular system actuation

Tomec et al.  
(2021)[67]

• PLA & Short wood fibers  
and PLA

• Control actuation (amplitude and responsiveness) by varying the amount of wood fiber in the PLA and varying the 
thickness of the layers

Correa et al.  
(2017)[68]

• ABS & Short wood and 
cellulose fibers

• Demonstrate actuation of an opening
• Demonstrate double curvature capability

Adv. Funct. Mater. 2022, 2210353
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In Table 7, the results are either presented in qualitative terms 
(i.e., whether the general shape of the specimen is recovered 
or not), or in quantitative ones (difference between geometry 
metrics-like curvature and bending angle). However, the quan-
titative results are related to a single point of the reversibility 
spectrum. Only Correa et al.[19] have tested one structure at two 
different points of this spectrum by varying the drying process. 
Another qualitative way of assessing the lack of reversibility of 
an hygromorph is to look for critical damages in the specimen. 
For instance, the delamination observed by Correa et  al.[52] 

challenges any claim that the structure tested is reversible. 
To the authors’ knowledge, most of the hydrogel-based actua-
tors discussed in the present work and measuring actuating 
reversi bility have been conditioned in water, but the actuation 
was obtained with a varying temperature.[18,92–95] Due to the 
diversity of the tests performed on the different hygromorphs 
presented in Table  7, it is extremely difficult to provide a pre-
cise comparison between the different materials. However, it is 
apparent that natural materials (such as flax and wood fibers) 
are not efficient in achieving reversibility, unlike polymeric 

Table 5. Synthesis of conclusions drawn by past studies related to 4D-printed hygromorph actuation. Conditions to be in the Table: • multi material • 
3D printed • actuator • RH-stimulated. (Following Table 4, followed by Table 6).

Reference Material Conclusions

Baker et al. 
(2019)[69]

• Hydrogel & Elastomer • Show origami actuation (Miura-ori patterns, folding cube, and folding thetrahedra)
• Control actuation angle with geometric parameters of hinge-like structure

Liu et al.  
(2021)[70]

• Potato flack/starch gel  
& plastic

• Assess the actuation capability of the material system
• Control actuation via drying (by air and/or microwave)
• Control actuation via chemical-physical composition of the material (NaCl, fructose syrup, and oil)

Su et al.  
(2018)[71]

• SU-8 (epoxy dissolved in 
cyclopentanone)

• Demonstrate actuation capability of the material: one material with different curing parameters
• Show bio mimicking actuation (flower)
• Control actuation angle with geometric parameters of hinge-like structure
• Show origami actuation (thetraedron)

Zhang et al. 
(2019)[72]

• In-house resin • Demonstrate actuation capability of the material system: two layers of the same resin with different curing 
processes

Schwartz et al. 
(2019)[73]

• Acrylate- and  
epoxide-based monomers

• Assess the actuation capability of the material system: two layers of the same resin with different curing processes
• Show bio mimicking actuation (flower)

Raviv et al. 
(2014)[74]

• Rigid plastic &  
photocurable polymer

• Demonstrate actuation capability of the material system: one rigid polymer and one UV curable, which turns into 
hydrogel when immersed in water

• Control of the actuation angle, speed and acceleration with geometric parameters of the hinge-like structure
• Demonstrate grid-like actuation potential

Table 6. Synthesis of conclusions drawn by past studies related to 4D-printed hygromorph actuation. Conditions to be in the Table: • multi material • 
3D-printed • actuator • RH-stimulated. (Following Table 5).

Reference Material Conclusions

Mesa et al. 
(2020)[75]

• Paper and wax • Demonstrate actuation capability of the material system: 3D-printed wax on top of paper.
• Show corrugated structure actuation (triangular shape, rectangular shape).
• Show self assembling structure actuation (chain formation, pentagonal formation).
• Control the actuation amplitude and shape with fiber in paper orientation, wax printed patterns and material distribution.

Zhao et al. 
(2018)[76]

• Elastomer • Assess the actuation capability of the material system: two-photo curable polymers
• Show bio mimicking actuation (Flower, leaf)
• Show origami folding/deployment actuation (Miura-ori patterns)
• Control actuation with mesostructure printing patterns (thickness, material distribution)
• Create sequential actuation

Hiendlmeier et al. 
(2022)[77]

• in-house resin  
& luxaprint flex

• Demonstrate actuation capability of the material
• Show origami actuation (thetraedron)

Ryu et al.  
(2020)[78]

• Paper & wax • Assess the actuation capability of the material system
• Control actuation with the printing pattern
• Measure reversibility of the actuator
• Show actuation of a grip, a box folding and a self moving robot

Kim et al.  
(2021)[79]

• Liquid Crystal  
Elastomer (LCE)

• Show bio mimicking actuation (flower)
• Demonstrate applicability (gripper, self opening vents)
• Control actuation with material distribution (twist, grid) and anisotropic stiffness created via extrusion

Bai et al.  
(2022)[80]

• ABS & nylon • Show actuation of a grid-like structure
• Control actuation with distribution of printed patterns
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ones (polymer, elastomer, and polymeric fibers). Figure 9 pre-
sents a process to follow for measuring the reversibility of 
the actuation in an hygromorph. Key steps include: definition 
of a testing point on the reversibility spectrum, including the 
related set of parameters (n1: RH of the conditioning for the 
reversibility test; n2: number of times the specimen is condi-
tioned; n3: time of conditioning) defined in Figure 8. This defi-
nition includes the setting up of a reversibility criteria to define 
whether the specimen is considered as reversible for the test 
conditions or not. Then, the reversibility spectrum is analyzed 
following the steps presented here.

2.3. Materials and Geometry

This section  discusses the way material selections and distri-
butions can be used to control the hygromorph actuation. Pri-
ority is given to RH-actuated structures. However, other types 
of actuation are described, also to propose further explorations 
of the hygromoprh design space.

2.3.1. Actuation Control with Material Distribution

Two main types of composites to produce hygromorphs are 
described in the open literature: fiber (continuous or short)-rein-
forced isotropic matrices, and multi-material isotropic matrices 
(see Figure  10). The first type is shown in Figures  10a,b. The 
architecture of that type of hygromorph involves stacking 
sequences with different fiber orientations between layers, 
which induce the actuation. On the other hand, the second type 
of composite hygromorph makes use of combinations of homo-
geneous isotropic materials with different properties to obtain 
similar performances (See Figure  10c). All these actuators are 
made of materials with different moisture induced deformation 
capabilities. Materials 1 and 2 are given as example in Figure 10. 
In the literature the material with the greater moisture induced 
deformation capability is labelled active, whereas the other 
one is labelled as passive.[1,96] The terms “active” and “pas-
sive” can also be used to refer to the layer of the hygromorph 
depending on which layer expand the most.[55,97] The active and 
passive behavior of the layers depend on the orientation. In the 

Figure 7. Schematic of the three main types of study conducted on the actuation of 4D-printed hygromorphs (as presented in Tables 1 (long fiber com-
posite), 2 (short fiber composite), 3 (short fiber composite), 4 (short fiber composite), 5 (multi material), and 6 (multi material)). Material actuation 
capability: Demonstrate the capability of a material system to provide actuation by printing aesthetic hygromorph, i.e., bio mimicking flower, leaf, ori-
gami, kirigami. Actuation controlling parameters: Assess the possibility to control actuation by tailoring printing, geometric, dimensional parameters. 
Application: test the functionality of the hygromorph for potential in-service application, i.e., gripper, aperture, and load lifting device.

Figure 8. Schematics presenting the reversibility of 4D-printed hygromorph actuation. The measure of the reversibility is to be performed in three steps. 
First, a reference actuation must be created (specimen placed at a given RH) and the related actuation measured (i.e., initial curvature: κi for RH: α%). 
Then, the hygromorph must be conditioned to the specifications dictated by the designer/experimenter (i.e., at n1% RH, for n2 repeats of n3 seconds). 
Finally, the hygromorph must be conditioned in an identical environment to the one of the reference actuation (i.e., final curvature: κf for RH: α%). 
The reversibility can be considered as the difference between the two curvatures measured. In this figure, curvatures are considered as the metrics to 
quantify the actuation, as it is widely implemented in moisture-actuated 4D-printed structures.[8,18,52,53,55–57,59] However, many other parameters such 
as the bending angle, deflection or displacement of the actuation shape can be implemented to account for the deformation. The differences between 
parameters are discussed later in the review.

Adv. Funct. Mater. 2022, 2210353

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202210353 by U
niversity O

f B
ristol L

ibrary, W
iley O

nline L
ibrary on [27/01/2023]. 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



www.afm-journal.dewww.advancedsciencenews.com

2210353 (9 of 41) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

examples provided in Figure 10, the passive layer in the X-direc-
tion will be the active layer in the Y-direction.
Table 8 presents 4D-printed composite actuators present in 

the open literature, classified with the hygromorph categories 
defined previously. In this table, the ease of implementation 
(i.e., mainstream slicers and printers) as well as the versatility 

and flexibility of the prints increases from left to right (compar-
ison further described in Section 4.3). The number of published 
results therefore increases as well. On the other hand, the stiff-
ness and bending moment of the structure generally decreases 
from left to right (comparison further described in Section 3.2). 
Several studies present combinations of the different material 

Table 7. List of the reversibility studies for 4D-printed composite hygromorphs. The n1, n2, and n3 (order of magnitude) correspond to the parameters 
presented in Figure 8. The last column “Measure” presents the way the reversibility is assessed, either qualitatively or quantitatively with the specified 
value. Conditions to be in this table: • 3D-printed • actuator • RH-stimulated.

Reference Material n1 n2 n3 Measure

Correa et al. (2015)[19] Short natural fiber composite (oven dried)–100% 4 min Quantitative: actuation angle loss

Correa et al. (2015)[19] Short natural fiber composite (air dried)–100% 4 min Quantitative: actuation angle loss

Li et al. (2019)[89] Polymer & Hydrogel 40%–100% 1 hour Quantitative: curvature loss

Dingler et al. (2021)[90] Polymer 10%–70% 5 min Quantitative: curvature loss

Le Duigou et al. (2016)[58] Short natural fiber composite 50%–100% 1 hour Quantitative: curvature loss

Le Duigou et al. (2021)[50] Continuous natural fiber composite 50%–100% 1 hour Quantitative: curvature loss

Kim et al. (2021)[79] Elastomer 30%–80% 14 second Quantitative: curvature loss

Ryu et al. (2020)[78] Paper & Wax (air dried)–(wet spray) 3 min Quantitative: folding angle

Tahouni et al. (2020)[53] Short natural fiber composite (20%:30%)–(90%:100%) 1 hour Qualitative

Jiang et al. (2021)[91] Polymer & hydrogel 22%–95% 5 min Qualitative

Le Duigou et al. (2019)[8] Continuous carbon fiber composite 9%–98% 1 hour Qualitative

Correa et al. (2020)[52] Short natural fiber composite 20%–60% 14 hour Qualitative

Figure 9. Process to measure the reversibility of hygromorphs (n: number of reversibility tests to perform, i: index for the reversibility tests conducted, 
(n1,n2,n3, κi, κf): reversibility parameters defined in Figure 8). n1: Relative humidity value used to actuate an hygromorph. n2: Number of repeated 
actuation cycles. n3: Duration of a given stage of actuation. κi: Reference curvature to be compared against in order to assess the reversibility. κf: Final 
curvature that has undergone n1 humidity loading at n2% RH during n3 seconds, to be compared against the reference one to assess repeatability.
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distributions highlighted in Figure 10. Chabaud et al.[8] as well 
as Yu et  al.[98] created bilayer hygromorphs with a layer made 
of continuous fiber composite and the other one made of 
isotropic material.

The actuation stresses generated within the material distri-
butions presented in Figure 10 are all based on dissimilar mate-
rials or printing patterns between layers. However, by changing 
the post-printing treatment (UV and temperature for instance) 
between active and the passive layers, Su et al.[71] have obtained a 
cross-linking gradient (and therefore of mechanical properties) 

through the thickness of a single material in the actuating 
structure. Sun et al.[139] have created two materials with distinct 
properties out of a single resin, depending on the degree of the 
UV exposure. Schwartz et  al.[73] have proposed similar struc-
tures, in which the gradient of the cross-linking is obtained 
via different photocuring wavelengths (UV and visible lights 
mainly). Zhao et al.[145] went a bit further, by proposing a con-
tinuously varying cross-linking of the hydrogel implemented, 
thanks to the variation of photo-cross-linking due to the varying 
thickness printed. They also created a finite element model 

Figure 10. Types of materials distribution used for twisting actuators. For each type of materials, two fiber path layers are presented. When printed on 
top of each other, twisted actuator is created. a): Continuous fiber filament. b): Discontinuous (short) fiber filament. c): Bi-material (could be general-
ized in multi-material).

Table 8. Open literature papers divided via the material classification proposed in Figure 10. Conditions to be in this table: • 3D-printed • actuator.

Continuous fiber Short fiber Multi-material

RH Le Duigou et al. (2021),[8]  
Le Duigou et al. (2021),[50]  

de Kergariou et al.[51]

Gladman et al. (2016),[18] Correa et al. 
(2020),[52] Le Duigou et al. (2016),[58] Tahouni 

et al. (2020),[53] Cheng et al. (2020),[54] 
Tahouni et al. (2021),[55]  

Cheng et al. (2021),[57] Kruger et al. (2021),[59] 
Lai et al. (2021),[61] Mulakkal et al. (2018),[60] 

Correa et al. (2017),[68] Poppinga et al. 
(2020),[63] Langhans et al. (2021),[64] Vazquez 

et al. (2019),[65] Vazquez et al. (2020),[66] 
Tomec et al. (2021),[67] Zarna et al.[56]

Le Duigou et al. (2019),[8] Kim et al. (2021),[79] Lai et al. (2021),[61] 
Baker et al. (2019),[69] Liu et al. (2021),[70] Su et al. (2018),[71] 
Zhang et al. (2019),[72] Schwartz et al. (2019),[73] Raviv et al. 

(2014),[74] Zhao et al. (2018),[76] Ryu et al. (2020),[78] Hiendleier 
et al. (2022),[77] Qu et al. (2022),[62] Zarna et al.,[56] Mesa[75]

RH & Temperature N.A. Gladman et al. (2016),[18] Boley et al. 
(2019),[99] Stoof et al. (2018),[100] Naficy et al. 
(2017),[95] Vazquez et al. (2019),[101] Koh et al. 

(2022),[102]

Yu et al. (2020),[98] Boley et al. (2019),[99] Zeng et al. (2022),[103] 
Naficy et al. (2017),[95] Jeong et al. (2019),[104] Kacergis et al. 

(2019),[105] Lee et al. (2020),[106] Saed et al. (2019),[107] Zhou et al. 
(2020),[108] Wang et al. (2021),[10] Liu et al. (2019),[109] Hua et al. 

(2021),[92] Podstawczyk et al. (2021),[93] Zhao et al. (2021),[94] Uchida 
et al. (2019),[110] Narupai et al. (2021),[111] Hu et al. (2022),[112] Shiblee 

et al. (2019),[113] Solis et al. (2022),[114] Nishiguchi et al. (2020),[115]  
Li et al. (2022),[116] Zou et al. (2022),[117] Chen et al. (2019)[118]

Other Wang et al. (2018),[22] Hoa et al. 
(2019),[36] Hoa et al. (2020),[119]  

Hoa et al. (2020),[120]  
Hoa et al. (2017),[121] Hoa et al. 

(2022),[122] Peng et al. (2021),[123] 
Agkathidis et al. (2022)[124]

Bodaghi et al. (2016),[125] Piedrahita-Bello 
et al. (2021),[126] et al. (2021),[127] Zhang et al. 

(2019),[128] Guo et al. (2018),[129] Kokkinis 
et al. (2015)[130]

Zolfagharian et al. (2021),[48] Deng et al. (2021),[84] Lee et al. 
(2019),[85] Zeng et al. (2019),[86] OlgaKuksenok et al. (2016),[82] 

Boley et al. (2019),[99] Chen et al. (2021),[126] Weng et al. (2021),[131] 
Hamel et al. (2019),[132] Yuan et al. (2021),[133] Westbrook et al. 

(2008),[134] Mao et al. (2015),[135] Liu et al. (2019),[136] van Manen 
et al. (2022),[137] Wu et al. (2022),[138] Sun et al. (2022),[139] Liu et al. 

(2022),[140] Zolfagharian et al. (2018),[141] Huang et al. (2017),[142] Teoh 
et al. (2017),[143] Benyahia et al. (2022),[96] Roach et al. (2022)[144]
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capable of designing parts actuated with such a strategy.[146] The 
photo-polymerization and the consequent through-thickness 
cross-inking gradient can be tailored with the addition of fillers, 
such as pollen.[147] The actuation induced by the gradient-var-
ying properties has not been implemented yet for 4D-printed 
hygromorph actuation. However, UV-cured hydrogels have 
been developed for the same application (see Tables  3 and 4). 
This type of actuation requires the exploration of the design 
space of its actuation authority for hygromorph applications.

Multi-material actuation does not necessitate of struc-
tures made from different classes of materials. For instance, 
Boley et  al.[99] produced their actuator out of the same mate-
rial, but with different amount of fillers. Boley et  al. also use 
the orthotropy of the composite material to provide actuation. 
In that sense, the concept proposed by Boley et  al. combines 
both multi-material and short fiber composite actuation strat-
egies. Ge et  al.[16] use the dimensions of the fibers as design 
actuation controlling parameters. Consequently, multi-material 
hygromorphs can be created out of a single material, but with 
different fiber dimensions. The use of material with orthotropic 
properties for multi-material structures has been implemented 
in elastomers[107] and hydrogels.[10] Such strategy could increase 
significantly the design space of the RH-based actuators. How-
ever, Tables  1, 2, 3, 4, and 5 show that wood fiber-based poly-
mers currently dominate the field of RH actuators. The use 
of multi-material approaches would require a more thorough 
assessment of the moisture-sensitive properties of those new 
hygromorph materials. Some new promising natural fiber rein-
forced polymers will be discussed in the section related to the 
discussion of the mechanical properties of cork,[148] bamboo,[148] 
or hemp[149] fibers. Again, at this time of writing, their full actu-
ation potential has still to be determined.

2.3.2. Actuation Control with the Geometry

Geometric parameters such as the variation of thickness are also 
used to control actuation. For instance, Zolfagharian et  al.[150] 
have implemented a 3D-printed structure stimulated by electro-
lytic using chitosan hydrogel only. Tahouni et  al.[55] have used 
geometric parameters such as the variation of the thickness to 
tailor the speed and the shape of actuation in short fibers actua-
tors. In the latter study, the varying thickness is a controlling 
parameter, but not the source of the actuation. Other research 
groups use hinge-like structures to enhance the actuation, by 
making the use of bi-material 3D printing.[50,151] Although most 
of the time the actuators are printed flat, they could also be 
built out of more complex shapes, such as a cylinder.[109] Com-
plex shape printing has not been tried for RH actuators. Inter 
filament distance, layer height, and relative orientation between 
layers have also been evaluated for the design of 4D-printed 
hygromorphs (see Tables  1, 2, 3, 4, and 5). These parameters 
have been mostly tested on wood fiber-based composites. 
Other types of actuators with complex shape still require to be 
assessed. Some research groups have gone beyond the con-
ventional bi-layer flat surface to propose more complex archi-
tected (or metamaterial) configurations. Lattices structures are 
one of the most versatile types of architected actuators.[27,99,152] 
Assembly of beams made of glass fiber reinforced elastomers 

differing by their filler and amount of cross-linking amount 
were shown to achieve large ranges of actuation authority.[99] 
Finally, one of the most flexible shapes to print and deform is a 
line. Wang et al.[153] have proposed to print and model a bi-layer 
PLA line.

2.3.3. Classification of the Materials used in 4D Printing

The selection of material depends significantly on the design 
objectives assigned to the printed structure. Table  9 presents 
the main types of matrix material implemented in past studies, 
from stiffest to softest polymer/plastic, elastomer and hydrogel. 
The selection of material type can be made on the potential 
application fields. The guidelines would be engineering for 
polymer (high bending moment and stiff), soft robotics for 
elastomer (large actuation and resilient) and biomedical for 
hydrogel (biocompatibility and large actuation).

Mixing the different material types increases the size of the 
actuation design space. High stiffness actuating structures have 
been produced by Yuan et  al.[133] by printing hydrogel on top 
of a 3D-printed elastomer layers. In one of the first studies 
published on 4D printing, Raviv et al.[74] proposed a bi-material 
structure printed out of a stiff polymer and a hydro expansible 
hydrogel to actuate a slender beam. Finally, Lee et  al.[106] pro-
posed the actuation of a bilayer structure made of an elastomer 
printed on top of a rigid polymer. Such combination has been 
implemented for temperature actuated hygromorph but not yet 
for hygromorph. This allows for potential further exploration of 
hydromorph design space.

Polymer, elastomer, and hydrogel are all implemented 
as short fiber reinforced and multi-material actuators. For 
instance, amongst elastomers, the liquid crystal ones are used 
both as part of short fibers composites (with tailored mesogens 
orientation) and multi-material actuation. Zhang et al.[128] pro-
pose a liquid-assisted printing technique to orientate crystals 
in a 4D-printed elastomer. Saed et  al.[107] combined the use of 
liquid crystal elastomer with multi-material actuation. Elasto-
mers still require their hygromorphic possibility to be assessed 
to be implemented in 4D-printed actuators.

2.3.4. Actuation Control with Material Selection

For short and continuous fibers hygromorphs, two different 
types of actuation are implemented. The authors took the ini-
tiative of naming these two different sources of actuation pre-
sented in Figure  11: Fiber Dominated Actuators (FDAs) and 
Matrix Dominated Actuators (MDAs). The differentiation of the 
two aforementioned concepts helps looking for new materials 
serving as actuation sources. For MDAs, the difference of defor-
mation between the different layers generating the actuation is 
given by restricting the expansion of the fibers in their longitu-
dinal direction. For such deformation to occur, the fibers of the 
hygromorph must be stiffer in their longitudinal direction than 
transversely. On the other hand, in the case of FDAs the actua-
tion can be due to either the same difference in stiffness along 
the different directions of the fibers, or to the orthotropy of the 
fiber moisture expansion.

Adv. Funct. Mater. 2022, 2210353
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Table 9. Type of material implemented in previous studies. Conditions to be in this table: • 3D-printed • actuator.

Polymer Elastomer Hydrogel

RH Le Duigou et al. (2019),[8] Le Duigou et al. (2016),[58] Le 
Duigou et al. (2021),[50] Ren et al. (2021),[81] Kim et al. 

(2021),[79] Cheng et al. (2020),[54] Kruger et al. (2021),[59] 
Zhang et al. (2019),[72] Raviv et al. (2014),[74] Kokkinis 
et al. (2015),[130] Correa et al. (2020),[52] Tahouni et al. 

(2020),[53] Tahouni et al. (2021),[55] Cheng et al. (2021),[57] 
Su et al. (2018),[71] Schwartz et al. (2019),[73] Zhao et al. 

(2018),[76] Correa et al. (2017),[68] Poppinga et al. (2020),[63] 
Langhansl et al. (2021),[64] Vazquez et al. (2019),[65] Vazquez 

et al. (2020),[66] Tomec et al. (2021),[67] Hiendlmeier et al. 
(2022),[77] Zarna et al.[56], de Kergariou et al.[56]

Kim et al. (2021)[79] Gladman et al. (2016),[18] Jiang et al. (2021),[91] 
Mulakkal et al. (2018),[60] Lai et al. (2021),[61] Raviv 
et al. (2014),[74] Yuan et al. (2021),[133] Huang et al. 

(2017),[142] McCracken et al. (2019),[154] Baker 
et al. (2019),[69] Liu et al. (2021),[70] Schwartz et al. 

(2019),[73] Qu et al. (2022)[62]

RH & Temperature Yu et al. (2020),[98] Zeng et al. (2022),[103] Jeong et al. 
(2019),[104] Kacergis et al. (2019),[105] Lee et al. (2020),[106] 
Stoof et al. (2018),[100] Zou et al. (2022),[117] Vazquez et al. 

(2019),[101] Koh et al. (2022)[102]

Boley et al. (2019),[99]  
Saed et al. (2019),[107]  
Zhou et al. (2020)[108]

Gladman et al. (2016),[18] Wang et al. (2021),[10] Liu 
et al. (2019),[109] Hua et al. (2021),[92] Podstawczyk 
et al. (2021),[93] Zhao et al. (2021),[94] Naficy et al. 
(2017),[95] Uchida et al. (2019),[110] Narupai et al. 

(2021),[111] Hu et al. (2022),[112] Shiblee et al. 
(2019),[113] Solis et al. (2022),[114] Nishiguchi et al. 

(2020),[115] Li et al. (2022),[116] Chen et al. (2019)[118]

Other Wang et al. (2018),[22] Hoa et al. (2019),[36] Ren et al. 
(2021),[81] Deng et al. (2021),[84] Lee et al. (2019),[85] Zeng 
et al. (2019),[86] Yu et al. (2022),[152] Hoa et al. (2020),[120] 

Hoa et al. (2017),[121] Hoa et al. (2022),[122] Chen et al. 
(2021),[126] Piedrahita-Bello et al. (2020),[127] Weng et al. 

(2021),[131] Goo et al. (2020),[155] Liu et al. (2019),[136] 
Benyahia et al. (2022),[96] Agkathidis et al. (2022),[124] 

Zolfagharian et al. (2018),[141] Feng et al. (2022),[156] Roach 
et al. (2022),[144] Wang et al. (2022)[157]

Peng et al. (2021),[123] Zhang et al. 
(2019),[128] Siddiqui et al. (2022),[158] 

Roach et al. (2022)[144]

OlgaKuksenok et al. (2016),[82] Lee et al. (2019),[85] 
Guo et al. (2018),[129] Benyahia et al. (2022)[96]

Figure 11. Schematic of the different actuation sources in fibers reinforced actuators. a) Initial distribution of the fiber and the matrix of the composite. 
The causes of the actuation are highlighted in bright blue, whereas the output of the actuation are in dark blue (Δe: expansion). b) Fiber Dominated 
Actuation: the actuation is triggered by the expansion of the fibers that apply pressure on the matrix, therefore creating the expected deformation at 
the scale of the ply. c) Matrix Dominated Actuation: the actuation is triggered directly by the matrix at the ply scale. MDA also exerts pressure on the 
fiber, but this pressure does not influence the deformation at the ply scale, which is responsible for the actuation.
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The Table 10 presents a classification of the different types of 
actuation sources found in the open literature.

Table 10 shows that natural fibers and wood extracted fibers 
(i.e., bamboo) constitute the bulk of reinforcement in FDA struc-
tures, and are often associated with non-expandable matrices. 
Most cellulose and lignin-based materials possess trigger actua-
tion potential due to their hydrophilic and expansion capabili-
ties when placed in a humid environment. The diversity of nat-
ural fiber brings a wide range of possibilities for 3D printing 
applications. Deb and Jafferson[161] propose a comparison of the 
different 3D-printed filaments made out of these fibers. Most of 
these materials have not been yet implemented for 4D printing, 
and would therefore offer new possibilities to the research field. 
Muthe et al.[162] analyzed the use of these fibers combined with 
PLA in previous studies. They concluded to the great potential 
of this material association for 4D-printed applications. Greater 
control and improvement of the actuation are considered as two 
research opportunities for this field of application. On the other 
hand, MDA structures are mostly built using gel-type matrices 
and are associated with any type of fibers. The fillers inside the 
matrix are used to control the actuation. They are also used to 
control the hygroscopy of the material.[163] Mulakkal et  al.[60] 
added cellulose fibers as well as clay pellets to their 4D-printed 
flower mimicking hydrogel to tailor the swelling ratio of the 
material. Another way of tuning the material properties related 
to actuation is to coat the 3D-printed filament. For instance, 
Vicente et  al.[164] demonstrated the possibility to modify the 
water absorption (one of the key actuation parameters) and 
the strength via the coating of the PLA filament. The use of 
hygroscopic matrices with polymeric fibers has not been exten-
sively implemented so far, and it opens a great opportunity for 
designing 4D-printed hygromorphs.[8] Further development of 
polymer resin-based hygromorphs can be considered via imple-
mentation of superabsorbent resins. An example of such resin is 
given in the context of 4D printed by Hiendlmeier et al.[77] It pre-
sented a thickness hygroscopic strain of 170% when immersed 
in water, providing great actuation potential.

2.4. 3D Printing

This section presents the effects of the printing parameters on 
the actuation of hygromorphs.

2.4.1. 3D Printers

Polymers are mostly printed via Fused Filament Fabrication, 
whereas hydrogels are largely printed via pneumatic assisted 
direct ink writing. As de Kergariou et  al. discussed[165] for 
the case of 3D printing of continuous fiber composites, two 
solutions are currently available: use of a commercial printer 
(Markforged), or the modification of an existing printer (such 
as Prusa or Blade-1) to turn it into a pultrusion machine. In a 
pultrusion facility, the material is not pushed out of the nozzle; 
the adhesion to the printing surface during cooling pulls the 
filament out of the machine itself. Despite the commercial 
availability of carbon, glass and aramid continuous fiber fila-
ments made by Markforged, to the author’s knowledge, there 
is no such filaments commercially available for natural fibers. 
To print these materials, two strategies are adopted. The first 
consists in creating an in-house filament (flax-PLA).[165] The 
second strategy is to print with an in-nozzle impregnation 
(jute-PLA).[166]

The production of bi-material structures necessitates the 
use of a machine with two printing heads, or one rig in which 
the same printing head can switch between different mate-
rials.[167] Printing speed is a key aspect to develop the use of 
3D printing. For most bi-material actuators, the two phases are 
printed one after the other. Ushida et al.[110] propose, however, 
to print two hydrogel materials at the same time and in the 
same filament. This procedure is not applicable to any mate-
rial system, as it is problematic for printing (i.e., the materials 
do not feature the same printing parameters). The procedure 
proposed by Ushida et al. does not also provide the versatility 
of conventional 3D printing. Another way of accelerating the 
print of small hydrogel parts is to use digital printing.[142] 
In that study, the digitally printed hydrogel-based structure 
was activated via cross-linking gradient due to variation in 
light exposure.

2.4.2. Actuation Control with Printing Parameters

The actuation can also be controlled via tailoring the printing 
parameters. For instance, Alshebly et  al.[168] printed layers at 
different speeds to induce internal strains in the PLA and, 
therefore, create the stresses required for the actuation. This 
study was extended by Rajkumar et al.[169] to 3D-printed ABS, 
HIPS and also repeated for PLA. A model was proposed to 
take into account for the influence of the printing speed on 
the final properties of the printed structures. The printing 
speed was also evaluated by Kačergis et  al.[105] for its impact 
on the actuation within a Thermoplastic PolyUrethane (TPU)/
PLA structure. The temperature of the printing plate was also 
noted as being a parameter of influence. The temperature of 
the extrusion, the thickness of the PLA layer, the filling den-
sity and the printing angle all affected the mechanical proper-
ties and, therefore, the performance of the actuation.[170] Such 
observations were also made on hydrogels systems: the influ-
ence of the printing temperature on the ability of the material 
to retain water and therefore to actuate has been assessed.[114] 
Another research group has used the residual strains gener-
ated via the printing path to design a polymer-based actuator, 

Table 10. 4D-printed MFA and FDA in the open literature. Conditions 
to be in this Table: • actuator • 3D printed • fiber reinforced matrix 
composites.

Type of actuation References

FDA Correa et al. (2015),[19] Le Duigou et al. (2021),[50] Correa et al. 
(2020),[52] Cheng et al. (2020),[54] Kruger et al. (2021),[59] Correa 

et al. (2017),[68] Poppinga et al. (2020),[63] Langhansl et al. (2021),[64] 
Vazquez et al. (2019),[65] Vazquez et al. (2020),[66] Tomec et al. 

(2021),[67] Stoof et al. (2018),[100] Zarna et al.,[56] de Kergariou et al.[51]

MDA Le Duigou et al. (2019),[8] Gladman et al. (2016),[18] Wang et al. 
(2018),[22] Mulakkal et al. (2018),[60] Kim et al. (2021),[79] Lai et al. 
(2021),[61] Boley et al. (2019),[99] Saed et al. (2019),[107] Guo et al. 
(2018),[129] Kokkinis et al. (2015),[130] Weng et al. (2021),[131] Van 

Rees et al. (2018),[159] Wang et al. (2015)[160]
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rather than the printing speed.[155] Layers of ABS specimens 
have been printed with different paths to obtain the required 
deformation. A similar conclusion was drawn by Podstaw-
czyk et  al.[93] for hydrogels with a honeycomb-shaped struc-
ture. The relation between the temperature of extrusion and 
the temperature of the support for printing was considered 
to orientate along preferential directions the mesogen units 
inside the elastomeric actuator produced by Zhang et  al.[128] 
In some other cases the orientation of the filler is provided 
by applying magnetic fields during printing.[130] Managing 
the filament path during printing when filling up the part is 
also of great interest to control the extent of the deformation. 
Zeng et al.[86] compared different infill patterns to create the 
actuation required. optimization of local properties can be 
setup before the production of the hygromorph. For instance, 
Meiabadi et  al.[171] have used an artificial neural network in 
combination with a genetic algorithm to control the fracture 
toughness of the PLA with infill percentage, layer thickness 
and extruder temperature as inputs. The printing param-
eters presented in this paragraph can be evaluated for their 
direct impact of actuation. However, similar studies can be 
conducted for properties influencing actuation, such as stiff-
ness, porosity and hygro expansion. Many of the materials 
used in 4D-printed hygromorphs presented in this review 
require to have the influence of their printing parameters 
thoroughly assessed.

2.4.3. Actuation Control with Printing Substrate

In most studies described in the present review, the actuators 
are 3D printed in their entirety. However, some research groups 
are looking to assemble 3D-printed materials with non-3D-
printed parts. For instance, Kim et al.[79] propose to print elas-
tomers on a highly hygro-exapansible polyamide 6 to create a 
4D-printed hygromorph. Ryu et  al.[78] and Wang et  al.[22] print 
on paper and PA66 substrate, respectively. In these studies, 
the substrate is expansible and the printed element serves as 
a constraining element during the expansion to trigger the 
actuation. Liu et al.[136] have showed the possibility to print the 
polymer layer of an actuator and then glue on top a metal strip 
after printing, to create the required deformation. Kim et al.[79] 
showed these printing techniques to be available for moisture 
actuated structures. These However, further work is necessary 
to transfer the design know-how from temperature actuators 
to hygromorphs.

2.5. Summary of the Actuation Controlling Parameters

Figure  12 presents a summary of the parameters capable of 
controlling the actuation of 4D-printed hygromorphs. Those 
parameters have either been implemented in RH-actuated 
structures, or proposed from other types of actuation.

Figure 12. Logic tree presenting parameters studied to control 4D-printed actuation. The parameters on the right side highlighted in turquoise have 
been considered in previous studies to control actuation. The blue font parameters have not, however, been tested so far on RH-triggered actuators, 
but offer potential for actuation control.
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3. Actuation Control with Material Parameters

When selecting a material to produce an hygromorph, several 
properties have to be measured and controlled during printing, 
to ensure that the required actuation is obtained. This sec-
tion highlights the most important properties to control actua-
tion, i.e., stiffness and hygro-expansion. The quality of the 
material is also discussed.

It is possible to qualify the dependence of actuation from 
certain parameters by using the Timoshenko bilayer model pre-
sented in Equation (1).[49] A similar equation is provided by Hel-
frich et al.[172] for the twist actuation.

6 (1 )

( ) (3 (1 ) (1 ) (( ) 1/ 1/ ))

2

2 2

MC t

t t t t t t ea p

δκ δβ δ
=

× × × +
+ × × + + + × + ×

 (1)

The deformation (δκ) is influenced by geometrical para-
meters, such as the thickness ratio of the structure t = tp/ta. The 
terms tp and ta are the thickness of the passive and active layer, 
respectively. The passive and active layers correspond to zones 
that actuate the most and the least, respectively. The material 
properties also permit to control the actuation, through the 
stiffness ratio: e = Ep/Ea (Ep and Ea being the Young’s modulus 
for the passive and active layer, respectively) and through the 
difference of the coefficients of the moisture expansion (δβ). 
This difference then relates the Moisture Content (MC) states 
reached by the specimens (δMC). This equation  is available 
for a unit width specimen. Kruger et  al.[59] derived however 
the equation for a non unit width specimen. The calculation of 
the moisture content is performed via Equation (2), with mcond 
being the mass of the conditioned specimen and mdry is the 
mass of the dried specimen.

MC 100cond dry

dry

m m

m
=

−
×  (2)

The influence of the different parameters present in 
Equation  (1) is shown in Figure 13. Please note that the abso-
lute values in the figure are not essential. What is significant, 
on the other hand, is to understand the trends of the param-
eters influence. For example, the greater is the thickness of the 
passive layer, the lower is the actuation (δκ). This observation 
has been experimentally confirmed by Kruger et al.[59] for wood 
fibers reinforced PLA. Increasing the active layer stiffness or 
width leads, on the contrary, to increase the actuation authority. 
On the other hand, as observable in Equation (1) the increase of 
such parameters for the design of the passive layer most of the 
time lowers the actuation curvature achievable.

3.1. Different Scales of Models and Properties

Here are discussed the scales of modeling and the measure-
ment of the properties of both fibers reinforcements and 
the multi-material composites. Figure  14 presents these dif-
ferent scales. The “Layer scale” consists in homogeneising 
the properties of the materials that constitute the layers (the 
actuation requires different expansions between layers).[19,71,95] 
The “Phase scale” in Figure  14 consists of distinguishing the 

different constitutive materials of the composite actuator. For 
instance, those materials can be separately the fiber and the 
resin for the fiber composite, or the two materials present at 
the same time in a bi-material actuator.[76,89,173,174] In this case, 
the actuation requires different expansions for the constitu-
tive materials of the composite. In fiber-reinforced composites, 
the “Intra-phase scale” in Figure  14 consists in considering 
the internal architectures of the phases described at the Phase 
scale, i.e., the yarn of fibers twisted together.[165] An example of 
such model for non-actuated structures is provided by Zhang 
et al.[175] For multi-material systems, this scale consists in mod-
eling the structure at the filament level and therefore the ortho-
tropic properties of the filament itself (see Refs. [176, 177]).

The layer scale is used for the characterization of the printing 
patterns influence on the actuation.[59,95] It can also serve to 
estimate quickly the potential actuation in complex structures. 
Often conducted with Timoshenko equation, it will also use 
Finite Element Analysis (FEA) and CLT when the deformation 

Figure 13. Timoshenko Equation (Equation (1)) adapted from Ref. [59]) 
(δMC = 0.8; β = 1000). a) Influence of the passive and active stiffness on 
the curvature (tp = 0.2 mm, ta = 0.1 mm, wp = 1.0 mm and wa = 1.0). b) Influ-
ence of the passive and active thickness on the curvature (Ep = 30,000 
MPa, Ea = 5,000 MPa, wp = 1.0 mm and wa = 1.0). c) Influence of the 
passive and active width on the curvature (tp = 0.2 mm, ta = 0.1 mm, 
Ep = 30,000 MPa and Ea = 5,000 MPa). d) Schematic defining the param-
eters in the hygromorphs modeled at the layer scale.

Figure 14. The different scales of modeling for the material distribution 
described in this study.
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required happens to be more complex, for instance, with 
twisting.[131] The fiber and filament scale (phase scale) prop-
erties are of prime choice to model complex fiber paths, 
for instance, to model structures like the ones presented by 
Gladman et al.[18] This is the preferred scale for the bi-material 
as it easily adapts to any material distribution.[76,89,132,178] Finally, 
the Intra-phase scale brings an additional degree of precision 
but also of complexity in the creation of the model.[175,176]. To 
the authors’ knowledge, such model has not been used for actu-
ating structure. It would efficient to describe how the micro-
scale influences the macroscale actuation

3.2. Mechanical Properties

3.2.1. Measurement

The rationale for the measurement of the stiffness of 
3D-printed materials actuators described in the present review 
is shown in Figure 15. The stiffness is measured for both dried 
and conditioned specimens. Figure  15a presents the measure-
ment of the 3D-printed filament properties. The filaments are 
first printed and then tested when dried, followed by condi-
tioning. The transverse properties of the filament are usually 
complex to obtain, and an estimation of those properties from 
transverse test back calculations is presented by Baley et al.[179] 
The other option is to perform microscale indentation or com-
pression tests.[180] Figure 15b presents dog bone or strip-shape 
specimens printed with filaments orientated at 0° and 90°. If 
FEA modeling is performed, then the shear stiffness must 
also be measured, using uniaxial tensile loading on +/-45° 
specimens. Finally, Figure  15c presents the rationale to test 
materials for multi-material hygromorph configurations. The 
material is traditionally considered isotropic, and measuring 

only one stiffness independently on the printing path should 
be sufficient for most modeling purposes. To obtain the shear 
stiffness, either V-notched test can be performed (Standard 
example: ASTM D5379[181]), or the classical isotropic elasticity  
relation G = E/(2+2*ν) (G: Shear stiffness, E: Tensile modulus 
and ν: Poisson’s ratio) can be used. In the Material section of 
this paper was already reported that 3D printing usually creates 
an orthotropy in the material printed, due to filament shearing 
in the nozzle. In some cases, it can be therefore recommended 
to conduct the same test as in Figure 15b. Among all the ten-
sile properties tests described in the open literature, the ASTM 
D3039, ASTM D638, ISO 527, and GB/T 3354 standards are the 
most widely used to perform those tests.

For greater details about the measurements of the mecha-
nical properties of materials discussed in this work, the readers 
are referred to previous specific reviews. Here, such reviews 
for hydrogels[182] and polymer/composites are given.[183–185] The 
printing parameters can influence the stiffness of the structure. 
Hence, understanding their influence is the key to make sure 
the stiffness measured is representative of the one the mate-
rial provides to the hygromorph. For instance, the interfilament 
distance and the number of layers printed have been shown to 
affect the stiffness of continuous flax fiber reinforced PLA.[186] 
Part of the gap between the model predictions and the actual 
actuators performances is due to the evolving properties of 
the material with the humidity. For instance, the mechanical 
properties of the material before conditioning are usually con-
sidered when using the Timoshenko equation  (Equation  (1)). 
Measuring and implementing in models mechanical proper-
ties that vary with the humidity is a way to decrease the dis-
crepancy between the predicted and actual deformations of 
the actuators.[67,97] For fibers-based hygromorphs, the actua-
tion is often triggered via dissimilar orientations of the fibers 
between layers. These fibers depositions architectures are a 
source of delamination between layers due to the presence of 
peeling stresses.[187] The strength to delamination of the mate-
rial and its effect of the stacking sequence can be important 
for certain hygromorph designs. For instance, Correa et  al.[52] 
observed their hygromorphs delaminate due to the RH con-
ditioning. Modeling of fiber-reinforced hygromorphs could 
include the homogenization of the properties at layer scale, 
and classical laminate theory can be used to this extend. For 
instance, Malagutti et  al.[188] performed those types of calcula-
tions for wood fibers reinforced polymer, a material extensively 
used for 4D-printed actuators. Zarna et  al. implemented this 
computation method with other similar materials to predict 
their actuation.[56] Performance maps of the mechanical prop-
erties for different 3D-printed continuous fibers presented in 
open literature before 2022 have been published by the Authors 
in a previous study.[165] This list was updated and is presented 
in Figure 16 and Table 11. The graphs show that a large propor-
tion of the printed composites described in the open literature 
are made of polyamide combined with carbon, aramid, or glass 
fibers. The last two classes of fibers have never been used for 
4D-printed hygromorphs. Carbon fibers composites have been 
used to create MDA hygromorphs.[8] However, little investiga-
tion of their 4D-printed hygromorph design space has been con-
ducted. Aramid and glass fibers have potential for being used in 
a similar way to create actuation. The data shown in Figure 16 

Figure 15. Decision tree to measure the mechanical properties of the 
material considered for 4D printing. The model scales refer to the ter-
minology presented in Figure  14. Different tests must be performed 
depending on the scale: a) Filament measurement for composite mate-
rial. b) Layer scale measurement for composite material. c) layer scale 
measurement for isotropic material.
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also highlight the large number of printing parameters avail-
able to control the manufacturing and testing of the 3D-printed 
materials (i.e., printing speed, temperature of extrusion and 
the temperature of the printing support, amongst others). This 
reinforces the benefit of testing the material used to model the 
hygromorph, instead of simply using data available from the lit-
erature. The printing parameters influencing the properties of 
the 3D-printed material can be optimized to obtain properties 
fitting the application. For instance, Long et  al.[189] optimized 
the interfilament distance and the printing speed to achieve the 
best strength for 3D-printed flax continuous fiber composites. 
Beckman et  al.[190] proposed a review of all the fibers imple-
mented so far in 3D-printed structures. Common resin used in 
3D printing are divided based on their hygroscopic ability. PLA, 
Acrylonitrile Butadiene Styrene (ABS), PolyCarbonates (PC), 
Polyethylene Terephthalate Glycol (PETG) and PolyEthylene 
Terephthalate (PET) are considered as hygroscopic, whereas 
PolyVinyl Chloride (PVC), Polypropylene, Polyethylene, and 
polystyrene are considered as non hygroscopic. Hygroscopicity 
is a necessary but not sufficient condition to generate moisture 
actuation. Hence, even though all these resins have potential 
to be used as FDA, only PLA, ABS, PC, PETG, and PET have 
the potential to be used in MDA. Beckman et al.[190] also ranked 
fibers in terms of their moisture regain capability. Wool, oak 
wood, and jute fibers are capable of in-taking more moisture 
than the flax fiber widely used in hygromorphs. These fibers, 
as well as hemp (similar moisture regain than flax), show a sig-
nificant potential to be used in FDA hygromorphs. Additional 
investigation has to be conducted to confirm the 4D-printed 
hygromorph potential of these fibers and matrices.
Figure 17 highlights the values of the longitudinal stiffness 

of short fiber reinforced composites published in the open lit-

erature. The data do not follow the rule of mixture, due to the 
variability of the lengths[231] and orientations[232] of the fibers. 
The data presented in Figures 16 and 17 are all based on com-
posites with rigid polymers. Short fiber composites have stiff-
ness about one order of magnitude smaller than their contin-
uous counterparts. Unlike the case of continuous fiber compos-
ites, very few studies have been performed on short flax fiber 
composites. The most widely tested short fibers composite is 
reinforced by wood. As discussed before, wood fibers have a 
great potential in terms of actuation potential. Other promising 
short natural fibers to be used in FDA are hemp,[149] cork,[148] 
harakeke,[149] and bamboo[148] if the fiber actuation capability is 
large enough. Furthermore and similarly to continuous fibers, 
polyamid-based[232–235] composites have potential to produce 
MDA structures, even when reinforced by short fibers. Other 
types of fillers (not presented in Figure 17) can find application 
in 4D-printed hygromorphs. For instance, at nano scale, carbon 
nanotubes,[236,237] and cellulose-derived fillers[238,239] have been 
3D-printed in polymers and tested for different properties. 
However, their actuation potential has still to be assessed.

Elastomers and hydrogels are subjected to different 
classes of mechanical characterizations depending on their 
properties. Like polymers, tensile tests are sometimes per-
formed.[18,61,62,73,91,95,118,142] For the hydrogels used in 4D-printed 
actuators of the present review, the stiffness ranges from 10 
kPa to 100 MPa. The elastomers used for 4D-printed actuation 
have their stiffness varying between 1 kPa and 10 MPa.[85,158] 
These stiffness are from two to four orders of magnitude 
lower than those of composites with rigid polymers presented 
in Figures  16 and 17. Shear rheometry tests have also been 
performed to measure the stiffness of those materials.[60] The 
testing parameters have also a significant influence on the 
properties obtained via measurements. Consequently, those 
parameters must be varied to obtain a set of values representa-
tive of the material behavior, i.e., the shear strain,[10,60,91,93,109] 
frequency,[60,61,93] shear stress,[18] and temperature.[133] Shear 
rheometry is extensively performed to compare the mechanical 
properties of hydrogels or elastomers when fillers are added, or 
their composition is varied.[60,61,93] In many cases, the behavior 
of the material is, however, not elastic, or is elastic within a very 

Table 11. References for the values presented in Figure 16.

Property Refs.

Shear modulus [191–205]

Longitudinal modulus [50,87,97,166,186,191–230]

Transverse modulus [50,87,191–195,197,198,200–205,207,217,226,229]

Figure 16. a) Longitudinal. b) Transverse. c) Shear stiffness of 3D-printed continuous fiber reinforced polymers in open literature. For the longitudinal 
stiffness, the rule of mixture has been adopted to compare different fiber types. (PLA: PolyLactic Acid, PETG: Polyethylene Terephthalate Glycol, ABS: 
Acrylonitrile Butadiene Styrene, PBS: PolyButylene Succinate, and PEEK: PolyEther Ether Ketone). Plots updated from Ref. [165]. The references are 
presented in Table 11.)
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small strain range.[92] The hydrogel could behave elastically 
when dried, but evolve along a different mechanical behavior 
when conditioned.[18] Hence, a single stiffness value becomes 
a very limited piece of information to represent the overall 
behavior of the material. Two solutions could be adopted in this 
case to model this type of material for actuation purposes. The 
first is to consider the entire mechanical behavior law as input. 
The second solution consists in considering another equivalent 
type of constitutive law to represent the hydrogel (for instance, 
hyperelastic Mooney-Rivlin or Neo Hookean models). The 
parameters for these models are obtained essentially via com-
pression, shear or biaxial tension tests.[258,259]

3.2.2. Influence of the Conditioning and Printing on the mechanical 
properties

The actuation of the hygromorphic structures is triggered by 
the differential expansion of constituent phases of the com-
posite material. To induce deformation, the moisture has to 
diffuse within the material, often causing modifications of its 
properties. Understanding how humidity affects the material 
properties involved in the actuation is important to improve 
models. This understanding is also key to evaluate how the rel-
ative humidity affects the different types of actuation described 
in the previous sections. The present study takes into consider-
ation only the permanent state of humidity diffusion within the 
material. The transient state has been considered in previous 
studies related to several 3D-printed materials (continuous 
carbon fiber nylon[260] and nylon 6[261]). Lessons from non-3D-
printed equivalent materials (i.e., flax fiber reinforced PLA[262]) 
can be also applied for printed hygromorphs. As Figure  18 
shows, the influence of the three types of conditioning over 
the mechanical performance of 3D-printed hygromorphs has 
been considered in past studies (pre-printing conditioning, 
as-printing conditioning, and post-conditioning). These three 
types of conditioning are applied to the filament, the printer 
and the specimens, respectively. Zaldivar et  al. studied the 
impact of the relative humidity at pre-printing stage on the final 
properties of ULTEM 9085 resin filaments by measuring the 
stiffness at the RH level at which the filament was stored.[263] 
This thermoplastic filament showed a constant stiffness at low 

RH levels. The stiffness then decreased for 0.4% moisture con-
tents and beyond. This reduction in terms of properties is said 
to be due to the large porosity created during printing by evapo-
ration of the water absorbed by the resin prior to printing.

Greater control of the material properties is obtained when 
the surrounding environment of the printing is under control 
(see As-printing in Figure 18). For instance, Zeng et al.[86] tested 
their TPU Ninjaflex filament-based specimens after printing 
them at different RH levels in an enclosed box. If the RH value 
was too low or too high, the print was not feasible. The porosity 
in the specimens was also significantly affected by the condi-
tions of the printing. To find adequate printing conditions, May 
et  al.[264] optimized the environment of the printing enclosure 
by using numerical tools to improve the tensile strength of the 
printed specimens.

Most of the studies related to the characterization of the 
effects provided by the relative humidity have been performed 
during post-printing conditioning. For most materials pre-
sented in those studies, this phase of conditioning leads to 
the modification of the mechanical properties. For instance, 

Figure 17. Longitudinal stiffness for 3D-printed short fiber reinforced polymers from the open literature. (PLA: PolyLactic Acid, PETG: Polyethylene 
Terephthalate Glycol, ABS: Acrylonitrile Butadiene Styrene, PP: PolyPropylene, and PBAT: Polybutylene Adipate terephthalate) Refs: [56, 58, 67, 148, 149, 
231–235, 240–257]

Figure 18. Schematics presenting the different types of conditioning for 
3D-printed materials. Pre-printing conditioning: the filament is condi-
tioned ahead of printing. As-printing conditioning: conditioning the entire 
printer is conditioned during the printing at specific RH and temperature. 
Post-printing conditioning: any surrounding environmental condition 
(wanted or not), at which the specimen is subjected to.
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de Kergariou et al.[165] showed a decrease of shear, longitudinal 
and transverse stiffness in continuous flax fiber reinforced Poly-
Lactic Acid (PLA) composites when the RH ranges from 11% 
to 98%. That hygromorph material was then used to produce 
hinge-like structures.[50] As the material softens at the end of the 
conditioning, its lower transverse stiffness artificially increases 
the actuation, compared to what predicted by the Timoshenko 
model (see Figure  13a). On the other hand, the softening of 
the active layer tends to decrease the actuation capability of the 
structure (see Figure  13a). For fiber reinforced filament-based 
hygromorphs, the amount of reinforcement affects the material 
properties and hence the actuation. For instance, the more wood 
fibers in the PLA matrix, the larger the stiffness of the printed 
composite, up to a certain amount.[244] Kariz et  al.[265] actually 
showed a mutual influence existing between the amount of 
reinforcement and the testing RH conditions on the stiffness 
of wood reinforced PLA. Below 40% of wood content by weight, 
the humidity reduces the stiffness; above 40%, the humidity 
contributes to augment the stiffness. A decrease in stiffness 
for the same material when the RH increases was described in 
another paper.[266] A similar conclusion is drawn for soy bean 
fibers.[267] Non-reinforced polymers have been also subjected 
to the evaluation of their material properties when conditioned 
in a humid environment. PLA is one of the most widely used 
matrices for polymer-based hygromorphs, hence the impor-
tance of knowing the impact of humidity on its mechanical 
properties. Chandran et  al.[268] observed the decrease of the 
stiffness of 3D-printed PLA samples after being immersed in 
water. Sun et  al.[269] showed an increasing stiffness at low RH 
values, together with a decrease of stiffness beyond a 40% RH 
level. Most information needed to understand the influence of 
water on PLA could be found in the work testing conditioned 
3D PLA with specimens printed horizontally and vertically.[270] 
Nylon 6, also widely used in 3D printing, was shown to soften 

when immersed in water.[261] The conditioning considerations 
described in the present paragraph for the most part observed 
the impact of conditioning on stiffness. These conclusions have 
to be extended to the production of hygromorphs to add extra 
control on the production, therefore, on the actuation.

3.3. Hygro-Deformation

This paragraph discusses the measurement of the material 
expansion when subjected to humidity conditioning. The terms 
swelling index, swelling ratio or Coefficient of Moisture Expan-
sion (CME) all describe the ability of a material to expand when 
immersed in varying moisture systems. Figure 19 presents the 
decision tree for setting up the hygroscopic measurements of 
the materials to be used as actuators. Measuring the dimensions 
of the materials sample in dried and humid conditions allows to 
obtaining parameters that represent the hygro-expansion capa-
bility of the materials for modeling purposes (e.i., swelling index 
and CME). Figure  19a shows the measurement of the hygro-
expansion at filament scale. Figure 19b shows the dimension to 
be measured for a composite actuator modeled at the layer scale. 
A block of material (usually a cuboid) must be printed along one 
direction. Then, the dimensions of the cuboid are measured 
in dried and wet environments. Finally, Figure  19c shows that 
dimensions to measure, to evaluate the hygro-expansion of the 
materials used to produce multi-material actuators. The material 
is usually assumed to be isotropic. However, as described in the 
material section, 3D printing usually generates an orthotropy 
in the printed material, due to filament shearing in the nozzle. 
Hence, for some materials, it is recommended to use the same 
filling pattern as the one implemented in the final 4D-printed 
structure, in order to measure the dimensions during dried 
and wet states. Orthotropic materials also require the measure-
ment of the dimensions in the Z-and Y-directions. Image data 
processing can be used for the measurement of the dimensions 
in most materials[56] systems. Moreover, those image data pro-
cessing techniques are to be preferred if the material measured 
is soft, as the contact with the caliper deforms the specimen. 
Such type of measurements was performed in the case of hydro-
gels, for instance, by Lv et al.[271] On the other hand, the caliper 
could be used for stiffer materials.[58]

Tables  12 and 13 describe the hygro-expansion measure-
ments performed on materials with the potential to be used 
as 4D-printed hygromorphs. The moisture expansion of fiber 
and matrix can be measured separately in the case of fiber rein-
forced hygromorph composites. Atomic Force Microscopy has 
been implemented to measure the change of dimensions in 
cellulose aggregate fibrils with moisture absorption.[272] A goni-
ometer was used to measure the expansion of technical (bundle 
of elementary fibers) and elementary (single plant cell) flax 
fibers.[273] Models are capable of providing then inverse iden-
tification of the hygroscopic properties in composites from the 
properties of their phases.[274,275] Another unusual hygroscopic 
strain measurement technique has been proposed by Hiend-
lmeier et al.[77] The technique consists in solving a mechanical 
equilibrium between the expansion forces during swelling. 
This methodology however necessitates an “a priori” determi-
nation of the mechanical properties of the material.

Figure 19. Decision tree presenting the rationale to select the measure-
ment process to detect the hygro-expansion of 4D printing materials. The 
model scales refer to the terminology presented in Figure 14. The proper-
ties are measured depending on the modeling scale of the actuator.
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The quantity of reinforcement used in hygromorphs affects 
the deformation capability of the materials used for 4D-printed 
hygromorph productions. In wood-reinforced PLA filament, 
material being used in FDA, the amount of fiber used has a 
strong influence on the actuation authority.[265] A similar 
behavior has also been observed for soy bean fiber reinforced 
thermoplastic copolyesters.[267] The larger the amount of rein-
forcement, the greater the hygroscopic strain. Ayrilmis et al.[276] 
investigated the effect of the layer thickness on the thickness 
swelling in wood reinforced PLA. For those bio-based rein-
forced thermoplastics, the larger the thickness, the smaller the 
swelling of the material along the direction of the thickness. 
Moreover, measurements of the hygro-deformation need to 
be carried out in an appropriate medium. For instance, Loos 
et  al.[277] have characterized the absorption using an Archi-
medes-type of measurement in toluene. In a similar way to the 
mechanical properties, the assessment of the influence of the 
humidity on the CME is important to improve the reliability of 
design models for hygromorphs. The ASTM D1037 standard 
was adopted to measure the swelling rate of wood fire rein-
forced PLA filaments.[278] Those properties are useful to predict 
the speed of actuation in related hygromorphs. Tables 12 and 13 
show the presence of large uncertainties provided by the dif-

ferent measurement techniques associated to the hygro-expan-
sion of the materials considered within the present review. The 
different results associated to the same parameters also high-
lights the strong need to define a standardization for those 
measurements, also to enable a more precise comparison. Such 
standardization should be performed for measurements at the 
different scales needed by the design and modeling techniques 
(layer and phase or filament scales). The shape and dimensions 
of the specimens also introduce further variability within the 
measurements. For instance, most studies consider squares 
specimens of material with parallel printing paths.[8,58,87,278] 
Other studies however consider dog bone specimens,[277,279] 
or the specific shape of the coupon for which the material is 
developed for [271]. Finally, a precise evaluation of the range of 
variation of humidity should be part of a standardization of the 
measurement techniques. The knowledge of this range of vari-
ations would enable a better comparison between datasets pre-
sent in the open literature. More data are needed to perform the 
same level of comparison than the one conducted for the stiff-
ness of the materials used in 3D printing. The standardization 
should be also specific for 3D-printed materials, as the printing 
path considered affects the expansion obtained along the dif-
ferent directions.[87,260,280,281]

Table 12. List of hygro-expansion studies performed on materials with 4D-printed hygromorph potential. (Coefficient of Moisture Expansion: (CME); 
poly(hydroxyalkanoate): (PHA) ). Conditions to be in this Table: • 3D printed • material discussed in the present review as having 4D printing poten-
tial. Please note that some authors do not provide the RH the specimens are conditioned at. In such cases, a qualitative assessment of the condi-
tioning is provided in the table (”Dry%” and ”Ambient RH%” for oven dried and ambient relative humidity, respectively). (Followed by table 13).

Reference Material Measurement Scale RH range Properties

Le Duigou et al. (2019)[8] PA6 Caliper Layer Dry%-(10, 30, 75, 98)% CME

Le Duigou et al. (2019)[8] PA6 & continuous carbon fibers Caliper Layer Dry%-(10, 30, 75, 98)% CME

Zarna et al. (2022)[56] PLA and short wood fibers Microscope Layer Dry%-100% CME

de Kergariou et al. (2022)[51] PLA and continuous flax fibers Caliper Layer Dry%-(11, 35, 54, 75, 98)% CME

Tomec et al. (2021)[67] PLA & PLA and wood fibers N.A. Layer 20%-80% CME

Chabaud et al. (2019)[87] Polyamid & continuous glass fiber Caliper Layer Dry%-(10, 30, 75, 98)% CME

Le Duigou et al. (2016)[58] PLA/PHA & short wood fibers Caliper Layer 50%-100% Hygroscopic strain

Mulakkal et al. (2018)[60] Hydrogel & clay Caliper Layer 50%-100% Hygroscopic strain

Kikuchi et al. (2020)[260] Nylon Caliper Layer Dry%-Ambient RH%-100% Hygroscopic strain

Kikuchi et al. (2020)[260] PA6 &continuous carbon fibers Caliper Layer Dry%-Ambient RH%-100% Hygroscopic strain

Kariz et al. (2018)[265] PLA resin & short wood fibers N.A. Phase (Filament) Dry%-(33, 65, 87)% Hygroscopic strain

Balla et al. (2020)[267] TPC resin & short soy bean fibers N.A. Layer Ambient RH%-100% Hygroscopic strain

Table 13. List of hygro-expansion studies performed on materials with 4D-printed hygromorph potential. (Coefficient of Moisture Expansion: (CME)). 
Conditions to be in this Table: • 3D printed • material discussed in the present review as having 4D printing potential. Please note that some authors 
do not provide the RH the specimens are conditioned at. In such cases, a qualitative assessment of the conditioning is provided in the table (”Dry%” 
and ”Ambient RH%” for oven dried and ambient relative humidity, respectively). (Following Table 12).

Reference Material Measurement Scale RH range Properties

Vonk et al. (2020)[280] Hydrogel filament Full field topography Phase (filament) 10%-90% Hygroscopic strain

Faust et al. (2021)[281] Nylon & short carbon fibers Laser line probe Phase (filament) Dry%-52% Hygroscopic strain

Hiendlmeier et al. (2022)[77] Superabsobent in-house resin Mechanical swelling equilibrium Layer Dry%-100% Hygroscopic Strain

Kreider et al. (2021)[279] Polyamid & short carbon fibers CT-scanner Layer Ambient RH%-100% Volume change

Loos et al. (2021)[277] Elastomer Archimedes Layer Ambient RH%-100% Volume change

Lv et al. (2018)[271] Hydrogel Fluorescent Microscope Layer Ambient RH%-100% Swelling ratio

Yang et al. (2018)[278] PLA resin & short cedar fibers ASTM D1037 Layer ASTM D1037 Thickness swelling rate
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3.4. Porosity

3.4.1. Impact of Porosity on Actuation

Porosity (sometimes also called void amount[282]) affects both 
the stiffness and the moisture absorption of polymers, there-
fore influencing the actuation of 4D-printed hygromorphs. 
For thermocompressed flax fiber reinforced polypropylene, 
Gager et  al.[283] have shown that the increase of the amount 
of porosity lowers the out-of-plane hygro-expansion. Youssef 
et al.[284] looked at the impact of the volumes of the pores on the 
hygroscopicity of carbon fiber composites. The model created 
in that study showed that the larger the porosity, the smaller the 
actuation capability. Mehdikhani et  al.[282] provided an exten-
sive review on the measurement of porosity in polymers and 
composite materials, as well as on the impact of porosity on the 
material properties. In addition, 3D printing itself also affects 
the porosity of the final product. As discussed by Al-Maharma 
et  al.,[285] additive manufacturing leads to three specific types 
of porosity: the one between the layers, and those generated by 
the surface and the sub-surface roughness. Al-Maharma et  al. 
also present the impact of the different types of porosity on the 
properties of 3D-printed structures, depending on their shape 
and location. Spherical and irregular pores inside the struc-
ture are of interest for the stiffness control purpose. As natural 
fibers are extensively used as actuation triggers in FDA actua-
tors (see Tables 1, 2, 3, 4, and 5), the specificity of their porosity 
compared to polymers and polymeric fiber composites must 
be further understood. The specificity of the natural fiber com-
posite porosity measurement (in this case flax fibers) has been 
discussed in a past study.[286] All the aspects highlighted above 
show the impact of the porosity on the actuation.

3.4.2. Control of Porosity

Porosity can be considered as a defect, but the adaptability of 
3D printing also brings the possibility to engineer pores to 
control actuation. The tailoring of the amount of pores inside 
4D-printed hygromorphs is key to obtain the required actuation. 
As described in the mechanical properties measurement sec-
tion, pre-printing, as-printing, and post-printing phases of the 
conditioning are key to achieve a good control of porosity. To 
this purpose, a list of porosity controlling parameters relevant 
to the 3D-printed composites is provided is Table 14. For sake 
of repeatability, these parameters have to be specific to each 
polymeric moisture-actuated actuator proposed. In open litera-
ture, porosity sometimes refers to meso structure tailoring via 
control of the filament path (See Table 14, “Porosity controlling 
parameters:” • Filament path). This porosity should be distin-
guished from the micro scale porosity (i.e., fiber matrix inter-
face porosity and resin pores) described, amongst others, by 
Chabaud et al.[87] A fully compacted 3D-printed composite does 
not present voids between the deposited filaments. As the dis-
tance increases between parallel printing paths, the size of the 
inter bead increases. The distinction between inner and inter 
bead porosity is presented by Keleşet al.[287] for short carbon fiber 
reinforced ABS composites. When two neighboring printed 
filaments are not in contact with each, other meso structure 

porosity, sometimes called infill percentage, is present. Outside 
the actuators research field, other parameters have been con-
sidered to control the amount of porosity in polymer and fiber 
reinforced polymers. Some of those parameters consist of the 
speed and acceleration for extrusion,[256,257,288] the shape of the 
printing nozzle,[256,289] the printing temperature,[256,290] the layer 
thickness[257] and the amount of fiber[289,291]).

4. Design

The term “design objective” presented in Figure 3, includes at 
a minimum, actuation as an objective. However, other objective 
functions can be added to the actuator (i.e., stiffness, strength, 
weight). In this section, models capable of accounting for 
these different objective functions are described. Optimizing 
strategies enabling precise and detailed design are then ana-
lyzed. Finally, obtaining the printing path from the model and 
the experimental deformation measurement are described in 
order to test/validate the models and optimization strategies 
defined. To date, there has been little investigation has been 
conducted on humidity-triggered actuation models. For most of 
the modeling strategies, the actuation trigger (i.e., temperature, 
relative humidity) has no impact on the deformation obtained. 
Hence, studies conducted with all types of actuation triggers 
are discussed below. Moreover, there is limited information 
in the literature on optimization approaches for 4D-printed 
structures. Consequently, stiffness optimization studies of 
3D-printed structures are considered to bring perspective to the 
design strategies.

4.1. Model

The previous sections of the review have highlighted the need 
to know—at the minimum—the stiffness and the expansion 
coefficient of the materials making the hygromorph to model. 
The knowledge of the geometry and of the material distribution 
of the actuator are also mandatory to create the virtual struc-
ture used in the model. Finally, depending on the precision tar-
geted by the model, additional information may be needed. For 
instance, the impact of the humidity on the material properties 
and the diffusivity of the humidity within the material itself are 

Table 14. List of parameters used in the past to control the porosity. 
Conditions to be in this table: • 3D printed • actuators • RH-stimulated.

Reference Material Porosity controlling parameters

Le Duigou et al. (2021)[50] PLA & Continuous 
flax fibers

• Layer thickness

Cheng et al. (2020)[54] PLA & Short wood fibers • Filament path

Kim et al. (2021)[79] Elastomer • Filament path

Kruger et al. (2021)[59] PLA & Short wood fibers • Filament path

Cheng et al. (2021)[57] PLA & Short wood fibers • Filament path

Kariz et al. (2018)[244] PLA & Short wood fibers • Amount of wood fibers

Zarna et al. (2022)[56] PLA & Short wood fibers • Stacking sequence
• Shape of reinforcement

Adv. Funct. Mater. 2022, 2210353
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critical to assess the dynamic and several static actuation capa-
bilities. Finally, imaging techniques such as computed tomog-
raphy imaging can provide a precise account of the geometry 
for ideal distributions of the materials and the porosity. The 
modeling techniques used in past studies to design actuators 
are presented in Table 15.

As described in Table  15, the Timoshenko model has been 
used extensively to estimate the final shapes of simple mate-
rials distributions structures when moisture-actuated. In some 
works, the format presented in Equation  (1) was adapted to 
investigate the effect of the materials and geometry param-
eters on the actuation of the hygromorphs. For instance, Din-
gler et  al.[90] considered adding rheology parameters to Equa-
tion (1). Other research groups adapted the bilayer Timoshenko 
equation to multi-layered structures.[309,310] Naficy et al.[95] have 
adapted the Timoshenko equation  to bilayer hydrogels by 
replacing the stiffness of the material with a power swelling 
function. Gladman et  al.[18] have discretized the use of the 
Timoshenko equation  for structures composed of layers with 
varying angle orientations. The Timoshenko model therefore 
demonstrates a significant versatility to evaluate the influence 
of the materials or printing parameters on the actuation of 
the hygromorphs. Other analytical models have been used for 
4D-printed actuators. For instance, Classical Laminate Theory 
(CLT) is considered for actuators made of highly aligned con-
tinuous fiber reinforced matrix composites (in the case of 4D 
printing, see the works of Refs. [36, 119, 122]; for not printed 
structures, see Refs. [311, 312]). CLT is also sometimes used 
to model short fiber composites.[56] A modeling methodology 

equivalent to CLT is proposed by van Rees et al.[159] This tech-
nique differs from CLT because of the elastic energy-based 
actuation calculation. Here, a bilayer structure representing 
a biomimicking actuator was discretized via triangulations to 
account for the varying orientations of the angles of the fibers 
in the structure. The method is efficient in providing qualita-
tive shape predictions, but lacks precision from a quantitative 
perspective due to the variability in cross-linking and fibril 
reinforcement orientations. Liu et  al.[298] also proposed an 
elastic energy-based model (combined with Hooke’s law) to 
study the influence of the thickness ratio on the actuation of 
bilayer hyper-elastic structures. Based on the classification of 
the modeling techniques provided in Table  15, Figure 20 pre-
sents some general guidelines for the selection of the modeling 
strategy, depending on the type of material implemented. The 
Timoshenko model and CLT are limited to simple geometries 
and layer-scale models, but can also be used for rapid estima-
tions of complex actuation deformations. Elastic energy-based 
methods can be adapted to more complex hygromorphs, as 
they also cater for phase models.

The Finite Element Analysis (FEA) is the most widely imple-
mented technique for the modeling of the actuation. FEA con-
sists in dividing a geometry into a mesh to approximate differ-
ential equations solutions from element to element. Figure 20 
shows how FEA can be used for rapid estimations of the 
actuation in simple geometries.[71,76] Finite element techniques 
constitute a step beyond in terms of fidelity and complexity 
of the structure to represent, compared to the Timoshenko 
and the CLT models because FEA can also take into account 

Table 15. List of References related to models. The ”Other analytical” methods include Classical Laminate Theory (CLT) and Energy-based methods. 
Conditions to be in the Table: • 3D printed • actuator.

Timoshenko Other analytical FEA

Relative Humidity (RH) Le Duigou et al. (2019),[8] Correa et al. 
(2015),[19] Naficy et al. (2017),[95] Le 

Duigou et al. (2021),[50] Li et al. (2019),[89] 
Le Duigou et al. (2016),[58] Kruger et al. 

(2021),[59] Baker et al. (2019),[69] Ryu et al. 
(2020),[78] Erb et al. (2013),[292] Langhansl 

et al. (2021),[64] Cheng et al. (2021),[293] 
Verpaalen et al. (2020),[294] Ozdemir et al. 
(2022),[295] Tomec et al. (2021),[67] Lang-
hansl et al. (2021),[64] Bai et al. (2022),[80] 

Zarna et al. (2022)[56]

Gladman et al. (2016),[18] VanRees et al. 
(2018),[159] Raviv et al. (2014),[74]  

Zarna et al. (2022)[56]

Li et al. (2019),[89] Su et al. (2018),[71] Zhao et al. (2018),[76] 
Ren et al. (2021),[296] Ryu et al. (2020),[78]  

Turcaud et al. (2011),[173] Wang et al. (2020),[174]  
Bai et al. (2022),[80] de Kergariou et al. (2022)[51]

Other types of actuation  
trigger (i.e. Temperature, 
pH …)

Zeng et al. (2019),[86] Boley et al. (2019),[99] 
Naficy et al. (2017),[95] Zeng et al. 

(2022),[103] van Manen et al. (2022),[137] 
Goo et al. (2020),[155] Guo et al. (2013)[297]

Yang et al. (2017),[7] Wang et al. (2018),[22] 
Hoa et al. (2019),[36] Boley et al. (2019),[99] 
Hoa et al. (2020),[119] Hoa et al. (2017),[121] 
Hoa et al. (2022),[122] Liu et al. (2022),[140] 

Zolfagharian et al. (2018),[141] Liu et al. 
(2020),[298] Connolly et al. (2017),[299] Wei 

et al. (2021),[300] Wang et al. (2021),[301] 
Song et al. (2021),[302] Agkathidis et al. 
(2022),[124] van Manen et al. (2022)[137]

Wang et al. (2018),[22] Zolfagharian et al. (2021),[48] Wang 
et al. (2021),[10] Li et al. (2022),[116] Liu et al. (2019),[109], 
Hoa et al. (2020),[120] Kokkinis et al. (2015),[130] Weng 
et al. (2021),[131] Hamel et al. (2019),[132] Yuan et al. 

(2021),[133] Westbrook et al. (2008),[134] van Manen et al. 
(2022),[137] Lee et al. (2020),[106] Yu et al. (2020),[98] Sun 

et al. (2022),[139] Jeong et al. (2019),[104] Huang et al. 
(2017),[142] Alshebly et al. (2021),[168] Goo et al. (2020),[155] 
Zhao et al. (2019),[146] Yu et al. (2022),[152] Turcaud et al. 

(2011),[173] Guo et al. (2013),[297] Wei et al. (2021),[300] Wang 
et al. (2021),[301] Jian et al. (2019),[303] Su et al. (2020),[304] 

Wu et al. (2020),[305] Wang et al. (2021),[306] Zou et al. 
(2022),[117] Feng et al. (2022),[156] Roach et al. (2022),[144] 

van Manen et al. (2021),[307] Safavi et al. (2022),[308]  
Koh et al. (2022),[102] Wang et al. (2022)[157]
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the presence of complex printed patterns.[51,313,314] Further-
more, FEA techniques are versatile in terms of handling the 
materials constitutive laws and their distributions described 
in the present review. Modeling hyperelastic materials (elasto-
mers, hydrogels, and gels) adds complexity to the design pro-
cess, due to the large deformations involved. To circumvent 
this issue, enlarging the number of elements is strongly rec-
ommended.[315] As shown in Figure  20, FEA are usually con-
sidered to model complex geometries,[98] or when the printing 
path requires to take into account the model at a different scale 
than the layer one. For instance, studies investigating of the 
relationship between the material properties at the phase scale 
and actuation capabilities are lacking for fiber-based morphing 
structures. These types of studies could be performed using 
FEA models. Due to their versatility, FEA approaches are also 
the primary choice for design. A recent example of how FEA 
can be used to design actuators with accurate and rapid simu-
lations is the isogeometry approach developed by Yu et  al.[152] 
This technique aims at mixing the benefit of graphical design 
and FEA tools by fitting the mesh efficiently on complex geom-
etries. Yu et al. have associated this model with a random forest 
machine learning regressor for each vertex positioned on the 
grid structure initially designed. These types of neural net-
works have been used to predict the stresses induced along the 
beam of the mesh-like structure created to shape the required 
object (a lamp cover). To model similar mesh-like structures, 
Raviv et  al.[74] have proposed a spring-mass model particularly 
suitable to simulate the actuation and the kinematics of the 

deformations, in which the shape of the actuation is controlled 
via stiffness or expansion of the mesh beams. A design strategy 
suitable to simple geometries is to restrict the number of pat-
terns printable for generating the actuation. Then, the desired 
actuation is created out of these patterns. For instance, Zolfa-
gharian et al.[141] have created three different patterns serving as 
hinge folder. Bai et al.[80] have measured the hygroscopic defor-
mation of five different meso-scale patterns made of ABS (Acry-
lonitrile Butadiene Styrene) and nylon bi-layer beams. These 
patterns were then assembled to provide the required macro-
scale deformation. If more printing patterns have to be envis-
aged, machine learning algorithms should then be considered. 
Those algorithms are described below in Section 4.2.

Voxel-based models consist in discretizing surfaces or a 
volume into regular elements, in order to assign discrete prop-
erties within the design space. These approaches are often 
implemented using FEA software. The voxel-based modeling 
technique is particularly relevant to 3D-printing technologies, 
as it enables the capturing of the local properties of the struc-
ture to measure its global behavior. Sossou et al. have proposed 
a five steps voxelization strategy, consisting in: the design of 
the geometry, its discretization, the implementation of the dis-
tribution of the material, the computation of the deformation 
and finally, the computation of the global deformation of the 
voxelized object.[316] This open access tool created by Demoly’s 
research group considers the material distribution skeleton of 
the part, and then adds the voxel around the skeleton. Several 
examples of implementation of this tool combined with genetic 
algorithms have been described.[96,178] The strategy defined 
here does not aim at replacing FEA, but rather, at providing a 
rapid insight into the potential actuation capabilities of multi-
material 4D-printed structures. Due to issues still present in the 
software (i.e. collision, friction, gravity), more in-depth details 
about the actuation need to be obtained from Finite Elements 
analysis, if preliminary characterization is made via this tech-
nique. According to Momeni et  al.,[317] most actuating struc-
tures could be classified into three different categories based on 
the positioning of the materials patterns: uniform distribution, 
gradient distributions and distribution with special patterns. 
These material distributions can be discretized and turned into 
voxel-based models. Hence, most 4D printing designs can ben-
efit from Sossou et al.’s proposed design strategy. Voxelization 
has also been implemented by Jian et al.[303,318] to present self-
foldable structures. In such models, different configurations 
of a given foldable structure are achievable through the use of 
shape memory polymers and hinges. Finally, de Kergariou et al. 
have proposed a finite element model in which each pixel of the 
.png images of the printing gcode was turned into an element 
with local material properties, orientation and fiber volume 
fraction.[51] This technique has been implemented to predict the 
actuation of a leaf-inspired curling model.

Two other works have described the definition of modeling 
strategies that could not be classified in the categories presented 
in Figure  20. Choi et  al.[319] have created a modeling strategy 
specific to actuators and based on the use of empirical deforma-
tions to predict 4D-printed shape morphing. Such kinetic-based 
software can account for any material, as long as its deforma-
tion capability is precisely defined. Simplified models to design 
4D printing configurations have also been explored in the past. 

Figure 20. General guidelines for the selection of models related to the 
different types of 4D-printed hygromorphs. The term “voxel” also includes 
other modeling techniques, like local homogenized material in which the 
2D or 3D structure to design is divided in discrete volume elements.
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These patterns create different actuation amplitudes when 
printed on a substrate (here pre-strained polystyrene). The ana-
lytical and finite element temperature modeling conducted for 
these different patterns enable the experimenter to control how 
the part deforms by knowing how the temperature diffuses in 
the part. Even more simplification is brought by Kwok et al.,[320] 
when they proposed a method of fitting a 4D-printed Kirigami 
structure onto a required shape. The algorithm consists in 
shaping a flat surface to the geometry required and adding cuts 
whenever necessary to avoid overlapping the surface and create 
the folding hinge. To do so, only one pattern of actuation was 
modeled, all the work needed to go from a local hinge structure 
to the full deformation is conducted by the optimizer.

4.2. Design Process

Yu et  al.[98] used the previously described models to refine by 
iteration the design of printed mesh-like structures. Design 
optimization algorithms are increasingly available and pro-
vide efficient tools to automate this process. The optimization 
strategies currently employed to design actuators are based on 
genetic algorithms and neural networks. A genetic algorithm 
is an iterative technique to explore the design space, building 
up from previous models to finally obtain a series of opti-
mized parameters. A neural network is a classification method 
that maps complex relationships between inputs and outputs, 
which allows the user to find ideal inputs for the required out-

puts. Table 16 shows how these two strategies for the optimiza-
tion of actuators have been used in the open literature studies. 
Although optimization algorithms have been extensively imple-
mented in the case of 3D-printed structures, their application to 
4D-printed hygromorphs is currently quite limited. Therefore, 
the majority of the research works literature reviewed in this 
section  is related to 3D-printed, or to not moisture-triggered 
4D-printed demonstrators.

4.2.1. Genetic Algorithm

Figure 21 shows the general architecture of a genetic algorithm 
to design multi-material actuators. This figure  also shows the 
schematics of an optimization of the actuation, based on the 
tailoring of the distribution of the materials. The first stage 
consists of creating a population of randomized material dis-
tributions. During the same stage, the actuation and all other 
properties considered in the multi-functional design guidelines 
(and described by the objective function(s)) are also measured. 
The following step involves calculating objective function(s) 
that include at least an actuated shape for every actuator, and 
then ranking the performance of the different actuators accord-
ingly. Before launching the analysis, a convergence criterion for 
the objective function is defined. This criterion is checked at 
every step of the optimization; if it is satisfied, the optimization 
then ends and the best structural configurations of the print are 
recorded. Conversely, if the convergence criterion is not satis-
fied, the last stage then consists in creating a new population. 
The best actuators from the optimization function are placed 
in the new population. Actuators whose design parameters are 
mixed between the higher-end actuators of the previous gen-
eration are added to this population. The worst performing 
actuators are discarded and replaced by new randomly created 
actuators. This is a non-exhaustive description of the genetic 
algorithm process by any means; many more options can be 
added to tailor the convergence (i.e., mutation: random modi-
fication of the parameters). Most studies described herein use 
of material distributions to control the actuation. However, 
other parameters can also be used. For instance, Zolfagha-
rian et  al.[150] have optimized the deformation of their printed 

Table 16. List of references related to design algorithms implemented in 
4D printing and hygrmorphs. Conditions to be in this Table: • actuators 
• 3D printed.

Design algorithm References

Genetic algorithm Hamel et al. (2019),[132] Sun et al. (),[139] Liu et al. (2022),[140] 
Zolfagharian et al. (2020),[150] Zolfagharian et al. (2020),[167] 

Sossou et al. (2019),[178] Wei et al. (2021),[300] Wu et al. 
(2020),[305] Maute et al. (2015),[321] de Kergariou (2022)[51]

Neural network Sun et al. (2022),[139] Yu et al. (2022),[152] Su et al. (2020),[304] 
Zhang et al. (2020),[322] Zolfagharian et al. (2021),[323] 

Elgeneidy et al. (2018)[324]

Figure 21. Genetic algorithm structure for bi-material actuators in four stages (from left to right).
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structures by varying the thickness along the actuator. Looking 
at Figure  4, before “Model optimization” , it is advised to 
“Determine the control parameters.” Each of these parameters 
is a dimension in the design space of the actuator. The use of 
genetic algorithms includes tweaking these parameters to guide 
the optimization towards the design optimum (local or global). 
The authors describe here two ways of obtaining restrictions of 
the design space to guide the optimization. The first one, called 
pre-optimizing restriction, consists in banning values of the 
control parameters before the optimization run. For instance, 
Wu et al.[305] have calibrated the size of the voxel in the chess-
board used for the optimization by looking at the influence of 
the parameters on the ease of print. Zhang et al.[322] have forced 
the optimized actuator to be designed as symmetric. Zolfagha-
rian et  al.[150] proposed a volume constraint approach to mon-
itor the stiffness of the actuator. Another example is provided 
by Maute et al.,[321] who have implemented a Level-set optimiza-
tion to control the phase boundaries inside the geometry. This 
type of restriction of the design space should be as limited as 
possible, as the interaction between parameters is in general 
complex to understand ahead of the optimization run. Hence, 
over-limiting the design space has the potential to eliminate 
local optima, or even a global optimum. The second strategy, 
called optimizing restriction, consists of assigning penalties to 
actuators if they do not respect the design guidelines set before 
the optimization. An example of this strategy is the Solid Iso-
tropic Material with Penalisation (SIMP) model[325] that has 
been extensively applied within the few genetic algorithms 
used in 4D printing.[150,167,300] It is critical to keep penalties and 
rewards relatively small in magnitude, to prevent an over con-

straint of the exploration of the design space.[326] Even though 
penalties and rewards are simple ways of adding additional con-
straints to the model, they are known as being computationally 
fairly costly, and their use should be limited.[327] Penalties are of 
prime interest when multiple objective functions are assigned 
to hygromorphs. In that context, a penalty is assigned for each 
function not satisfied by the actuator. A modified version of the 
genetic algorithm presented in Figure 21 is described by Zolfa-
gharian et  al.,[167] as well as by Wei et  al.[300] In their studies, 
the authors have been looking at generating the largest possible 
deflection for the actuator. At each iteration of the optimization 
process, the sensitivity of the strain to the variation of the mate-
rials distribution was calculated. After filtering, those sensitivi-
ties triggered new material distributions evaluated for the next 
generation. Liu et  al.[140] have proposed a similar optimization 
process by using an analytical model, considered as more effi-
cient than the FEA-based optimization.

The second parameter of importance for genetic algorithms 
is the objective function. Different types of function can be 
assigned for the optimization process of an actuator. For an 
actuator, the shape objective function aims at describing the 
physical state of actuation. Table 17 presents all the shape objec-
tive functions for the different genetic algorithms used in past 
studies for the design of 4D-printed actuators.

Table  17 shows that design optimization of actuators has 
been mainly conducted on multi-material structures with FEA 
or FEA-like models (i.e., voxel-based models). The different 
parameters used to define the shape objective functions are 
presented in Figure 22. They are classified into two categories, 
the global and the local shape objective function. In the former, 

Figure 22. Shape objective function parameters: a) Local objective function with ui: Displacement or (x,y): Position. b) Global objective function with 
α: Bending angle or η: Deflection or κ: Curvature.

Table 17. List of objective functions implemented for the 4D-printed actuation. (“Osmotic pressure” is a particular type of actuation not discussed in 
the present review based on the gradient evaporation of a solvent inside the printed material.). Conditions to be in this table: • 3D printed • actuator.

Reference Model Actuator Function Target Other objective

Hamel et al. (2019)[132] FEA Multi-material Displacement Shape (cosine, sinusoidal) Minimize active material

Sun et al. (2022)[139] FEA Multi-material Position Shape (periodic, butterfly-like) No

Liu et al. (2022)[140] Analytical Multi-material Folding angle Scalar No

Zolfagharian et al. (2020)[150] FEA Osmotic pressure Deflection Maximum Volume fraction of material

Zolfagharian et al. (2020)[167] FEA Multi-material Deflection Maximum Volume fraction between materials

Sossou et al. (2019)[178] Voxel Multi-material Displacement Shape (twist) No

Wei et al. (2021)[300] FEA Multi-material Displacement Shape (parabolic, sinusoidal) SIMP: density

Wu et al. (2020)[305] FEA Multi-material Displacement Shape (parabolic, cosine, circle) No

Maute et al. (2015)[321] FEA Multi-material Displacement Shape (parabolic, cosine, twist) Smooth of the surface

de Kergariou et al. (2022)[51] FEA Continuous fibers Curvature Shape (discontinuous target curvatures) No

Adv. Funct. Mater. 2022, 2210353
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the local aspect of the actuator is compared to the target shape. 
In the latter, a global parameter is used to encompass the global 
shape of the structure and this unique scalar is compared to the 
target shape. For the local parameters, the difference between 
position and displacement is that displacement considers the 
history of the motion of the points considered for the objective 
function whereas the position, only accounts for the final state 
of the deformed structure. For the global parameters, the cur-
vature and bending angle are equivalent and provide additional 
information when compared to the deflection. They account 
for the entire shape of the actuator, whereas the deflection only 
accounts for the position of the tip of the actuator and is inde-
pendent of the shape of the structure. As presented in Table 17, 
local objective functions require a shape to be considered as 
output whereas the global ones require either a scalar (e.g., cur-
vature, bending angle, and twisting angle) or a direction (max-
imum, minimum) to be assigned. For instance, Sun et al. used 
a cosine ratio of position to create a fitness function capable of 
converging towards the sinusoidal profile required.[139] When 
choosing the objective function for the deformation of the 
actuator the experimental test must be considered. Liu et al.,[140] 
Zolfagharian et al.[150,167] and Sun et al.[139] considered the com-
parison between the optimized geometry and the experimental 
work with the same parameters as those used in the objective 
function, respectively, folding angle, deflection and position. 
From the easiest to the most complex to measure experimen-
tally the parameters are: deflection (one geometrically unique 
point to position at the final stage of deformation), folding 
angle and curvature (obtained with geometric construction on 
the actuator final deformation stage), position (easy to track 
point position on a model but on an experimental structure 
extra equipment is required, video gauge or digital image cor-
relation to track the points during deformation) and displace-
ment (compared to the position extra calculation is needed to 
determine the path taken by points when they move.). Greater 
discussion about the selection of the deformation measuring 
technique is proposed in Section 5. To the authors’ knowledge, 
only 2D deformations have up-to-date assessment. However, 
the conclusions drawn from the 2D systems could be extended 
to 3D problems.

Finally, additional objectives can be added to the convergence 
function. An example of a multi-parameter convergence func-
tion to design a structure was demonstrated by Hamel et al.[132] 
Here, they attempted to minimize the amount of active material 
in the thermo-sensitive actuator, while limiting the gap between 
the displacement of points along the structure for the target 
and the population deformed geometry. Adding targets in the 
objective function tends to lower the speed of convergence of 
the function, but can allow the development of multi-functional 
composite actuators.

Multi-material optimization has been extensively discussed 
above. However, to observe optimization for fiber reinforced 
composites, it is necessary to consider 3D-printed compliance 
and geometric optimization (Table 17 shows that no fiber rein-
forced actuators had their design optimized in past studies). In 
addition to material distribution, fiber composites require fiber 
orientation to be defined. The geometry to be optimized is 
divided into squares (2D) or cubes (3D) and the orientation of 
the fiber can be defined via analytical calculation, for instance, 

principal stresses.[328] Then a genetic algorithm can be con-
ducted to position the fiber along the streamlines (representing 
the local fiber orientation) previously defined.[329,330] Otherwise, 
a fiber path can be proposed, for example, inspired by actuation 
observable in nature,[63] and then through sensitivity calculation 
this path could be improved via several iterations to achieve the 
required deformation. For the most common type of optimiza-
tion model, voxel-based FEA, the number of values of the opti-
mized parameter is increased compared to multi-material 
structure. Each voxel or element must have material properties 
and a material orientation, both chosen in continuous intervals, 
assigned to it. Several research groups created optimization 
process for short fiber composites.[331–334] Chandraskhar 
et al.[332] used the widely implemented SIMP to adjust the local 
infill of the part designed. The thermal compliance optimiza-
tion is conducted on the same geometry to define the local 
short fiber orientation. To avoid extremely erratic printing 
paths, local filters can be applied to average the orientation of 
the fiber.[334] 3D optimization was conducted by Kubalak 
et al.[331] using a quaternion-based continuous fiber angle opti-
mization. Among continuous fiber hygromorphs two categories 
can be distinguished. On the one hand, a continuous filament 
could be cut using a Markforged Mark 2 printer.[329,335] On the 
other hand, such filament cannot be cut when used for pultru-
sion in a modified Prusa or Tevo for example.[165,203] Either way, 
the optimization of continuous filament structure is more com-
plex. Blom et  al.[336] conducted a maximum thickness and 
smoothness optimization for overlapping tow placement. The 
difficulty in continuous fiber optimization is obtaining conti-
nuity in the filament, hence, little variation between neigh-
bouring streamlines. To achieve this, Blom et  al. provided the 
general shape of the tow placement via orientation functions. 
These functions have their variable optimized for maximum 
thickness and smoothness, leading to new streamlines, there-
fore, new orientation for the tow placement. A similar optimi-
zation method was considered by Brampton et  al.[337] to opti-
mize compliance of an automated fiber placement fabricated 
structure. To achieve this, the researchers defined an initial 
fiber path to be discretized so as to measure the element fiber 
orientation in the structure. In this way, the sensitivity of the 
compliance matrix to modification of the local fiber orientation 
is measured. The fiber path is updated thanks to a Hamilton 
Jacobi formulation, which takes into account the sensitivity pre-
viously measured and the calculation of a continuity score. Sev-
eral runs of this process are then conducted until the compli-
ance required is achieved. Boddeti et al.[314] built up on this opti-
mization technique by adding density requirements for the 
structure and allowing the optimizing method to remove parts 
of the initial block of the design material. The optimization 
they proposed is conducted at different scales via the Mori-
Tanaka homogenization method to obtain the properties of the 
element position in the optimization from the material proper-
ties set up as inputs (the fiber orientation and the fiber volume 
fraction depending on the position over the optimized geom-
etry). Papapetrou et  al.[338] added strategies to the model pro-
posed by Brampton et al. to automatically define the fiber path 
proposed for optimization by imposing an offset from the 
boundaries of the solid domain. A set of parallel and distanced 
lines with an offset is then created until two lines intersect or 
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one line reaches an opposite boundary. These lines could poten-
tially be divided manually to fit geometries more efficiently. The 
Equally-Space method proposed in this same study goes a step 
further by setting up the filament path on the most constrained 
part of the geometry to obtain smooth fiber paths. Li et al.[339] 
present a design strategy closer to the one used for multi mate-
rial optimization. In this approach the optimization is obtained 
via filling of a chessboard pattern with a distribution of two iso-
tropic materials, one for the fiber and one for the matrix. The 
continuity of the fiber is achieved by forcing the local propor-
tion of fibers. Instead of considering two isotropic materials, a 
similar optimization method can be conducted with homoge-
nized composite blocks distribution.[340] For instance, Kim 
et  al.[340] obtained the homogenized properties for three dif-
ferent fiber lay-outs and used these properties to distribute the 
fiber across their compliance optimized structure. Yang et al.[341] 
begin the compliance optimization of their printing path with a 
definition of density and orientation for each element based on 
the directions of the principal stresses. The optimization then 
implies the use of monoblocks, as blocks of elements whose 
orientation is within a range of 45° compared to the neigh-
bouring blocks. This necessarily leads to overlaps in the mono-
blocks defined. The different layers in the structure would serve 
to prioritize one or others blocks at the location of the overlap. 
The monoblocks are then mostly printed one by one. Similarly 
to Wang et  al.,[342] to the authors, knowledge, the way the 
printing monoblocks are connected is not specified. Works 
have been also published about techniques to join continuous 
fiber 3D-printed parts by avoiding any cut in the filament. For 
instance, Huang et  al.[343] propose a discrete finite element 
compliance optimization technique, in which each element is 
assigned a set of density and orientation values. The geometry 
obtained is then divided into monoblocks according to macro-
scale features of the part. Inside these blocks, continuity of the 
orientation is ensured by setting the orientation of the elements 
as equal or close to the surrounding elements. The monoblocks 
are modeled as nodes to solve the printing path definition 
problem as a NP-complete problem. A Hamilton path is then 
used to find a solution to this problem by avoiding overlaps and 
voids. Finally, the frame of the printing path defined is then 
adjusted to make the structure printable. Therefore, adjust-
ments are provided to the distance between printed filaments 
and to the angle definition. de Kergariou et  al.[51] propose a 
design optimization technique providing less freedom in terms 
of definition of the printing path compared to the strategies 
previously commented. In their model, de Kergariou et  al. 
define a printing path before running the optimization. The 
printing path is then parameterized to define the boundaries of 
the design space for the optimization. A .png image of the 
gcode is then turned into a FE model, with each pixel of the 
model becoming an element. Each element is given a set of 
density and fiber volume fraction depending on the grayscale of 
the corresponding pixel in the .png image. Each element also 
receives an orientation via the calculation of an Hessian matrix. 
In [51], two examples of models were run, one related to a leaf-
inspired hygromorph, and another linked to a cross-ply hygro-
morph with varying distances between fibers. A fiber path opti-
mization is then performed via evolutionary algorithm on the 
parameters defining the gcode. There are few lessons learnt for 

fiber composite actuator optimization from the discussion 
about mostly mechanical optimization discussed here. Accord-
ingly, adapting these optimization methods to actuation could 
be conducted in different ways. The first one is to determine a 
set of analytical equations capable of linking the local orienta-
tion of fiber to the final actuation. This would help define the 
streamlines that could serve as a basis to position either short 
or continuous fibers. The second strategy consists of imple-
menting an evolutionary algorithm, in which the main differ-
ence will be the actuation function. Here, the actuation func-
tions defined for multi-material optimization presented in 
Table 17 could have their use extended to both continuous and 
discontinuous fiber composites.

Although conducted on shape memory 4D-printed actu-
ator, the design strategy proposed by Paz et  al.[344] is of great 
interest, as it employs a genetic algorithm to optimize two dif-
ferent geometries at the same time. These geometries corre-
sponding to the two deformed configurations of the actuator. 
Using this approach, Paz et al.[345] combined a neural network 
and a genetic algorithm to converge toward the desired deflec-
tion solutions. The optimization, in this case, is not conducted 
on the actuation itself but on the characteristics of the two 
deformed shapes: weight and manufacturing cost. The actua-
tion is implemented in the code as a constrains penalising the 
solution which do not present the required shape. A prelimi-
nary step of selection of design called “Design of Experiments” 
is conducted to gather information about the model. Similar to 
what the same research group conducted in the past for stiff-
ness optimization, extreme values of variables and Latin Hyper-
cube selected variables are tested through the genetic algo-
rithm. This algorithm drives the Kriging prediction methods 
to approximate the optimal answer. In the optimization stage 
a group of designs is selected with a fairly lenient convergence 
criterion. Finally, the last stage consists in running the same 
genetic algorithm combined with Kriging method on the popu-
lation defined in the previous step but without penalty and only 
selecting one optimized design. Sun et al.[139] combined an evo-
lutionary algorithm and a Voxel FEA to create bi-material high 
aspect ratio structures. They compared the computational cost 
between the same optimization conducted from the Recurrent 
Neural Network (RNN) and from an evolutionary algorithm. 
The recurrent neural network is several orders of magnitude 
quicker, when not considering the time needed to create and 
train the models.

4.2.2. Neural Networks

The neural network modeling technique is a data-driven opti-
mization techniques (with among others, Regression Anal-
ysis[346]), which could be used to classify hygromorphs or predict 
actuation depending on printing parameters.[324] Among the 
not neural network data driven techniques available, k-nearest 
neighbour (principle explained in Figure 23) was described as 
inefficient with little training data to account for material distri-
bution in multiple material actuators.[322]

Linear regression algorithms have also been implemented by 
Zhang et al.[322] They were shown to reduce average validation 
loss compared to the k-nearest neighbor algorithm. However, 
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they were described as far worst predictors than the neural net-
work algorithm (Convolutional Neural Network (CNN) in this 
study).[322] Artificial neural networks are also described by Zolf-
agharian et al.[323] as more suited to solve a non-linear problem 
than regression and analytical models. Consequently, from 
here, only neural networks are discussed in this review. For 
4D-printed structures, neural network algorithms map the influ-
ence between the input parameters highlighted in the previous 
sections (i.e., material distribution, geometry, and fiber orienta-
tion) and the actuation of the structure (bend angle, curvature, 
position, and displacement). The neural network algorithm 
could be applied to experimental data[304,346] or to numerical 
models.[139,322,323] However, if model-based optimization is to 
be implemented, the model efficiency must be pre-emptively 
assessed. For instance, the optimization of a 4D-printed pneu-
matic actuator has been realized by Zolfagharian et  al.[323] via 
an artificial neural network trained with FEA models.[347] Before 
launching the analysis, this research group tested several FEA 

configurations and compared them to the specimens printed. 
Different types of neural networks have been used in past 
studies to optimize hygromorph actuation. The two primary 
examples, RNN and CNN, are presented in Figure  24. CNN 
learns the link between patterns of material distribution and 
the obtained deformation in all the members of the training 
population by applying different filters. Each filter is associated 
with a weight (a number, presented in the grids at the bottom 
of the figure) representing what the algorithm has learnt. These 
weights are then called when the validation population asks for 
a deformation similar to one obtained with a pattern observed 
in the training. RNNs set up a random box of coefficients that 
links the material used to the deformation obtained. The box 
of coefficients is adjusted with the error between the deforma-
tion of the training material and the deformation obtained with 
the box of coefficients. On the one hand, RNNs are efficient in 
considering past trials to converge to the required solution. On 
the other hand, CNN is capable of detecting patterns and their 

Figure 23. Structure of k-nearest neighbor algorithm applied to a bi-material example. The target shape is compared to every training shape. This 
allows obtaining a coefficient (ki) as high as the difference between the two actuated shapes is high. Then the coefficients are used as a multiplier to 
the actuators parameters (distribution of material) to “rank” the importance of the training data.

Figure 24. The structures of CNN and RNN applied to a bi-material shape changing actuator.
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influence on the resulting deformations. Such an algorithm 
uses the different patterns analysed to propose a general distri-
bution of materials in the structure. The comparison of these 
two neural networks conducted by Sun et  al.[139] showed that 
the even though CNN showed accurate prediction (coefficient 
of determination: R2  ≈0.9), RNN performed better (coefficient 
of determination: R2  >0.999). Zhang et  al.[322] found CNN as 
the best for the accuracy. In the context of humidity-stimu-
lated structures, neural networks can be implemented in the 
same way described for empirical training and validation data 
of temperature actuated structures presented here. However, 
for materials with low coefficients of moisture diffusivity, the 
deformation of the hygromorph has to be recorded along with 
the Moisture Content (MC) inside the specimen. The relative 
humidity record is not sufficient as the diffusion of humidity 
from the air to the material tested can be slow. Data augmenta-
tion algorithms can be implemented to have more training and 
validation data.

By mapping the influence of inputs on outputs, neural net-
works are capable of ranking the influence of each parameter 
on the actuation. Random forest and gradient boosting algo-
rithms were implemented by Su et al.[304] to work out such influ-
ence, (the principle behind these two algorithms is presented in 
Figure 25). Both algorithms start the same way in that they need 
numerous sets of parameters and the corresponding actuation 
value as input. This list of parameter sets and the corresponding 
actuation is divided into training and validation data sets. The 
training data set is then used in different manners depending 
on the machine learning algorithm implemented. On the one 
hand, Gradient Boosting consists in creating a random list of 
errors. Comparing these errors and a decision tree fitted to the 
training data set leads to an updated error. This is repeated as 
many times as set up by the experimenter. On the other hand, 
if the training data is used in a random forest algorithm, then 
a large number of decision trees are fitted to the training data 
in parallel. The results of these trees are then averaged out to 
obtain a fitting decision tree and the error resulting from it. 
The trees created must then be validated with the validation 
data set saved for this occasion. If the validation is satisfying, 
then it could be used to make predictions. Processing, struc-
tural and conditioning parameters were ranked in this study in 
terms of relative importance. From a design perspective, it is 
needed in order to select the most appropriate parameters of 
control and the quickest way to define printing parameters. The 
gradient boosting algorithm was highlighted as the most accu-

rate way to predict the actuation. When basing the machine 
learning algorithm on experimental data, obtaining experi-
mental data is in some complex cases. Su et  al.[304] have pro-
posed a Gaussian-based data augmentation technique to create 
additional training sets of data. Finally, this research group also 
proposed a deformation forecasting technique based on three 
different algorithms: exponential smoothing, long short term 
memory and echo state network. Depending on the material, 
the geometry involved and the conditioning environment, the 
experiment conducted to observe deformation can run over sev-
eral weeks or months (i.e., thick actuator, certain polymers, out 
of water conditioning). In that case, using an algorithm to pre-
dict its final deformation could be of great use in design.

Neural network and topological optimization were combined 
to optimize the bulk and shear modulus as well as the Pois-
son’s ratio of metamaterials.[348] The design space was made 
as large as possible initially by randomly selecting parameters 
describing the representative unit cell serving as input in the 
topological optimization. The optimization run gave a set of 
input properties leading to a maximized modulus and a mini-
mized Poisson’s ratio. Then these data were restructured to 
obtain an image for a set of input parameters for the training 
of the CNN. The model was described as robust with respect to 
accuracy and time even when the CNN was run on low-perfor-
mance computers. A similar conclusion was drawn by Sosnovik 
et al.,[349] who prematurely ended a topological optimization to 
let a CNN finalize the optimization job is in order to accelerate 
the convergence. This technique has to the authors’ knowl-
edge not been adapted for actuators as yet. Other optimization 
techniques, like ant colony optimizer,[350] are also available to 
researchers, but have not been implemented yet for 4D printing 
applications. The authors prefer not to give any guidelines for 
the selection of the optimization techniques as the techniques 
presented here are quite general and could be adapted to most 
structures. Finally, recently Akbar et  al.[13] implemented gra-
dient boosting and random forest regression algorithm to pre-
dict the deformation of glued (not 3D-printed) bilayer wood 
(not composite) hygromorphs. In this study, the surface of the 
wood pieces assembled to form the hygromorph are scanned. 
From these scans, the wood grain orientations are obtained. In 
parallel the curvature deformation of the hygromorph is meas-
ured while the specimen deforms from 26% to 95% RH. The 
grain orientation and the curvature values are used as training 
data for the model. For the structures considered in the present 
review, a similar methodology could be applied by replacing the 

Figure 25. Structure of random forest and gradient boosting algorithms.
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grain orientation by the fiber orientations of each 3D-printed 
layer. One potential axis of development for the use of neural 
networks in the field of 4D printing consists in using them for 
more complex actuation types such as twisting or combination 
of twisting and bending deformations. They also present the 
potential to be used to program the deformed shape of more 
complex structures, such as mesh structure.[27,74]

4.3. Optimized Geometry to Printing Parameters

The derivation of the printing parameters from optimized 
geometry of bi-material structures is mostly a straightfor-
ward process, because one can use conventional slicers and 
CAD models (i.e., Ultimaker Cura, Slic3r, PrusaSlicer). For 
instance, the g-code of voxel-based models obtained with 
Rhinoceros3D[54,96,124,316] can be obtained from the “voxel2G-
code” github library.[54] Fernandez et  al.[351] proposed an opti-
mization technique to minimize the printing costs. The resin 
sometimes used to develop multi-materials configurations 
can lead to the presence of anisotropic properties within the 
printed filaments (e.i., PLA or ABS based-filament[352]). The 
filling patterns of the printed block of materials printed must 
be therefore carefully chosen. Multi-materials structures can 
be obtained by stacking different materials with the same 
printer on top of each other.[167] The multi-materials configura-
tions can be also printed with one ink, and then by varying the 
post-processing of the single material phase.[139] Finally, the 
different materials can be printed separately and assembled 
after printing.[96] The latter study describes an initial distribu-
tion of materials, then an iterative procedure is put in place 
to modify the distribution until the structure could be assem-
bled. The difference in actuation (i.e., displacement) obtained 
before and after the modification is calculated, to make sure 
a target range of actuation is achieved. This fabrication tech-
nique is useful when the materials used cannot be printed 
from the same machine.

Conventional slicers can also serve to print the short fiber-
based composite actuators presented in Figure  20. Specific 
slicers have to be used for slightly more complex material to 
print, for instance, continuous fiber composites. For instance, 
Chabaud et  al.[8] printed U-shape actuators made of contin-

uous carbon fiber reinforced polyamide 6 composites with the  
Markforged slicer Eiger.io, specific to the printer. Complex 
filament paths (i.e., the repetitive and variable printing patterns 
shown in Figure  20) require extra steps and processing from 
the model to the additive manufacturing phase, as the conven-
tional slicers cannot achieve the desired path. A user defined 
algorithm can be created to link the streamlines of the mate-
rials orientations in the model to the gcode. For short fibers, the 
problem was partially solved by van Rees et al.[159]. This research 
group discretized the model to anticipate the actuation of the 
hygromorph. From this discretization via triangulation, the 
density of the required material was obtained by looking at the 
distances between the neighboring orientation vectors. The ori-
entation of the printing path was then obtained via smoothing 
of the same orientation vectors. In stiffness optimization appli-
cations, Kubalak et  al.[353] developed a methodology to turn 
the streamlines into a printable path for multi-axis printing. 
Several research groups have created algorithms capable of 
turning continuous fibers orientation streamlines into cut con-
tinuous fiber printing paths.[314,336–339] Such a technique has 
been adapted for continuous fiber composites with uncut fila-
ment by Wang et  al.[342] The authors partitioned the geometry 
with Voronoi diagrams to obtain at the interface of the Voronoi 
region a “medial axis” serving as a basis for the fiber path. Each 
point of the fiber path was then updated, so that its orientation 
was as close as possible to the nearest orientation of the stress 
streamlines. Each section of the geometry ended up being filled 
with almost parallel continuous fibers. These segments of the 
fibers were finally joined together to avoid any cuts during the 
additive fabrication. Wang et al.[342] did not specify however how 
these segments were joined.

5. Measurement of the Deformation

To validate the models considered for the design of hygro-
morphs, the deformation of the 3D-printed specimens must be 
measured. Fives main techniques of conditioning are presented 
in Figure 26. Their implementation in past published studies is 
presented in Table 18. Here are the main criteria considered to 
select the conditioning technique, depending on the final appli-
cation for the structure:

Figure 26. Different conditioning systems described in past published studies: a) Air Conditioning with a Relative Humidity (RH) ≈50%. b) Oven drying 
with RH ≈0% (vacuum drying can be used in the oven). c) Water immersed with Relative Humidity 100%. d): Passive desiccator with RH created by 
water saturated with salts or driers. RH available: RH corresponding to the salts available (i.e., 11% RH with Potassium Hydroxide). e) Active desiccator. 
Continuous range of humidity depending on the specification of the part.
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• Range of humidity.
• History of humidity.
• Access to the specimen for the measurement of the 

deformation.

Figure 26 shows the presence of two stages during the con-
ditioning for measuring the actuation (reference and actuated 
stages). The change of humidity between these two stages 
gives the RH range used to measure the actuation. The change 
could be an increase (i.e., Oven⇒Water) or a decrease (i.e., 
Water⇒Passive desiccator). The reference stage consists in 
stabilizing the humidity content of the actuator at a specific 
RH value at which the measure of the actuation will start. The 
actuated stage is related to the conditioning at which the actua-
tion will end. The reference stage can be obtained by drying 
the specimen in the oven, immersing it in water, or placing 
it in a desiccator at a given RH. Then the specimen is trans-
ferred to one of the conditioning environments presented in 
the actuated stage. The authors also emphasize the importance 
of carefully conducting the transfer from the reference to the 
actuated stages, as that could lead to detrimental effects on the 
actuation measured. The figure  shows the transfers from ref-
erence to actuated stage implemented in past studies, but any 
other combination is possible as long as the relative humidity 
changes. Table  18 shows that the most widely used actuation 
with RH variation is the air, as reference stage, to water immer-
sion, as actuated stage. It is implemented to qualitatively assess 
actuation capabilities of a material as it induces a large and 
quick actuation. On the other hand, water to air desorption is 
used for a quantitative evaluation of the actuation, because it 
enables a precise tracking of the deformation. Active desicca-
tors have been used for cyclic conditioning of the specimens 
(e.g., for testing the actuation reversibility). The reference stage 
of the actuation considered in this section  is a permanent 
stage of deformation. Reaching this permanent stage must be 
performed with as little as possible impact on the structural 
integrity of the actuator. For this reason, gentle conditioning 
techniques must be implemented. For instance, de Kergariou 
et al.[165] conditioned continuous flax fiber reinforced PLA com-
posites at a lower temperature than suggested by the standard, 
to avoid post-printing re-crystalliZation of the resin. Another 
example of gentle conditioning is the one proposed by Hiend-
lmeier et al.[77], who dried their super absobent resin in vacuum.

After or while being conditioned, the actuation must be 
measured. As described in Section  4.2, five different parame-
ters can be tracked to assess the deformation of the structure: 
the deflection, the curvature, the bending angle, the position 
and the displacement. The applications of hygromorphs require 

the monitoring of the evolution of at least one of these parame-
ters. The techniques described in the open literature to conduct 
the measurements are partitioned into three groups presented 
in Table  19. Each group is referred to the parameters it can 
measure. The simplest, yet rarely used one consists of taking 
the specimens out of their conditioning medium and meas-
uring manually their curvatures by plotting their imprint shape 
on a piece of paper. For instance, this technique was employed 
by Popineau et  al.[12] A sightly different measuring technique 
consists in printing a curvature jig (scale) consisting in a long 
bar with known varying curvature.[66] The curvature of the 
specimens is then compared against the reference curvature on 
the jig. These techniques are well suited for stiff hygromorphs 
because any soft specimen would be permanently deformed 
during the operation. These techniques are also adequate for 
immersed actuators, as the optical methodologies proposed 
later on tend to feature images diffracted by the water. Another 
technique, named measure on photos, consists in taking 
images of the specimens while deforming and measuring the 
curvature,[8,18,56,58,59,79,81,108,119,130,133] the twisting angle,[81,119,354] 
the bending angle,[48,62,74] the deflection[64,67,150,167,323] and 
the position[139] representative of the deformation. The post-
processing of these images is usually conducted by using 
commercial codes, such as Fiji. These techniques are easy to 
implement, if only the permanent state of deformation is of 

Table 18. Distribution of the different systems of conditioning used in the open literature. The column represents the actuated stage and the row 
represents the reference stage. Conditions to be in this table: • 3D printed • actuator • RH-stimulated. (⊗: Impossible).

Air Oven Water Passive desiccator Active desiccator

Air ⊗ [70] [18,54,56,60–63,69,72–76,79] [64–67,80] N.A.

Oven N.A. ⊗ [77] N.A. N.A.

Water [50,53,55,58] N.A. ⊗ [52] N.A.

Passive desiccator N.A. N.A. N.A. [8,51] N.A.

Active desiccator N.A. N.A. N.A. N.A. [53,54,57,59]

Table 19. Advantages, issues and list of parameters measurable by 
using the different actuation measurement techniques.

Advantages Issues Parameters (Figure 22)

Physical No image bias
Cheap

Quick to set up
Adaptable

Run tests in parallel
Use any chamber

Not automatic
Open the chamber

Can deform 
specimens
Very limited 
geometries

Curvature (2D)
Bend angle (2D)
Twist angle (2D)
Deflection (2D)

Displacement (2D)

Measure on 
photo

Not opening 
chamber

Cheap
Can be automatic

Image bias
Lot of equipment 

needed
Constraining 

chamber choice
Limited geometries

Curvature (2D)
Bend angle (2D)
Twist angle (2D)
Deflection (2D)
Position (2D)

Displacement (2D)

PoI tracking All geometries
Not opening 

chamber
Automatic

Full field of deforma-
tion (DIC not VG)

Image bias
Lot of equipment 

needed
Expensive

Constraining 
chamber choice

Curvature (2D & 3D)
Bend angle (2D & 3D)
Twist angle (2D & 3D)
Deflection (2D & 3D)
Position (2D & 3D)

Displacement (2D & 3D)
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interest to the researcher. Parlevliet et  al. simplified the deter-
mination of the curvature from side images of the specimen 
by implementing Equation 3.[355] In (3), L is the chord length of 
the specimen and h is the deflection at the centre of the spec-
imen itself. The equation has also been implemented by Zarna 
et al. for 4D-printed wood reinforced PLA hygromorphs.[56]

8

42 2

h

L h
κ =

+
 (3)

The final set of techniques, called by the authors PoI (Point Of 
Interest) tracking, only differ from the previous ones by the 
type of post-processing. Video Gage (VG) and Digital Image 
Correlation (DIC) can track the position of PoIs on 2D or 3D 
images. These techniques record images at regular intervals, 
with the tracker points positioned on the specimens are auto-
matically detected by the post-processing software. This enables 
to position as many points in space as desired and to obtain the 
displacement or curvature needed for the comparison with the 
models. VG consists in a discontinuous measurement. Specific 
patterns are positioned locally over the structure and the posi-
tions of these patterns are obtained independently from each 
other. On the other hand, DIC tracks the deformation continu-
ously over a surface that has been painted with speckled black 
on white background. Bai et  al.[80] use DIC to track deforma-
tion of a grid-like structure and calculate the global deforma-
tion (curvature, gradient angle, shear angle). An example of VG 
measurement for immersed hydrogel silicone actuating struc-
tures is given by Pfeil et  al.[356] In this study, the pattern used 
for discontinuous position tracking is a square of a speckled 
black paint on white background, which is characteristic of DIC 
measurements. A summary of the pros and cons associated to 
each technique is presented in Table 19. Image biases include 
perspective and light issues. The price of the experiment is of 
prime interest, as the deformation can take up to several weeks 
to deform, depending on the material, geometry and the condi-
tions. For long experiments, making the recording of deforma-
tion is a significant advantage. “Not opening the test chamber” 
is a key aspect, as any opening of the chamber modifies the RH 
inside the test room. PoI tracking is extremely adaptable and 
can be used for “every geometry” and parameters to measure. 
Finally, optical measurements (Photo or PoI) include a “closed 
controlled chamber”, as it needs to be transparent to record 
from the outside.

Other methods can also be adapted to humidity-immersed 
actuating structures. Laser measurement was implemented by 
Hoa et al.[120,122] However, to the authors’ knowledge, this tech-
nique has only been considered for actuation occurring at room 
temperature and humidity. 3D scanning techniques have also 
been used for 3D-printed structures, but have not been devel-
oped for 4D printing yet. For instance, design[39] and biomed-
ical[357,358] based applications use scanners to obtain an image of 
one’s body part and consequently 3D print a highly personalized 
component. Some of the actuation tests conducted would ben-
efit from having regular 3D scans of the actuated part, to obtain 
the full field of deformation of the part itself. 3D scanning 
techniques have been used for instance by Blonder et al.[359] to 
measure the curvature on not-3D-printed actuators similar to 
the ones described in the present review. Only Vazquez et al.[65] 

used 3D scanner for 4D printing actuation measurements. 
Unfortunately, only qualitative assessment of the deformation 
of the related Kirigami structure was performed.

All these techniques can be used to measure the speed of the 
deformation by deriving the actuation versus time.[8,50,58,67] The 
speed is called responsiveness and can correspond to different 
either qualitative or quantitative parameters. The quantitative 
parameters are described in Figure 27.
Tables  20 and 21 present the conclusion drawn about the 

actuation speed of the 4D-printed composite hygromorphs. On 
the one hand, the derivative of the curvature has been used to 
observe the influence of the different parameters on the actua-
tion speed.[50,58] However, the initial derivative of the curvature 
cannot be used to control the sequential actuation as a varying 
α does not necessarily means the permanent stage of actuation 
will be reached at different stage. Consequently, Zhao et  al.[76] 
and Tahouni et  al.[55] show that designing sequential actua-
tion require the speed of actuation to be tested with actuation 
time. In these studies the impact of parameters on the actua-
tion speed via measurement of the actuation time is assessed. 
As can be observed in Tables  20 and 21, a limited number of 
parameters have been tested for their influence on the actua-
tion speed of a limited number of materials.

6. Concluding Remarks and Outlook

This opinion paper aims to provide review and design guide-
lines for 4D-printed composite materials stimulated by mois-
ture. In this comprehensive analysis of the specific research 
domain, the following observations and conclusions can be 
drawn:

• A full design process has been generalized, from design 
concepts to the additive manufacturing and measure of the 
actuation. Other phases of the design process include the se-
lection of materials and parameters to control, modeling and 
optimization.

• Actuation reversibility tests conducted in past studies have 
been analysed and discussed in a critical manner to further 
the understanding of the potential for reversibility shown 
by the test cases considered. Up to now, 4D-printed hygro-
morphs are mostly produced by using natural fiber-based 

Figure 27. Definition of the actuation speed. α: derivative of the curva-
ture, which can be calculated at any stage of the actuation, but usually 
considered at the beginning. τ: Actuating time: time to reach the final 
stage of the actuation. A percentage of the interval of curvature is usually 
defined as the criteria to identify the actuating time.
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composites. However, polymeric fiber and polymeric multi-
material composites have also recently displayed interesting 
actuation capabilities. Multi-materials composites also show 
better actuation reversibility than the natural fiber-based 
ones. One of the main challenges for the implementation 
of moisture-triggered 4D-printed structures is to account for 
all the reversibility tests required for understanding the evo-
lution of the actuation capability of the structure. Modeling 
such evolution is necessary to achieve long-term control of 
the actuation. A potential solution to this issue is to perform 
automatic recordings of the deformation and the moisture 
variation within the actuators, to then simulate efficiently the 
long-term actuation.

• This paper proposed a classification of the different material 
distributions (short fiber composites, long fiber composites, 
multi-material), as well as the materials compatible with 
them. This classification is aimed to guide the reader to the 
development of targeted actuated hygromorph structures. 
Continuous fiber composites currently provide significant 
mechanical performance, but they are more difficult to print 
compared to short fibers and multi-materials structures. 

Combining actuation triggers and architecture of the actua-
tors are key to tailoring the overall actuation. Multifunctional 
structures provide big challenges (but also opportunities) for 
the materials selection in 4D printing technologies. For in-
stance, continuous fiber 4D-printed materials have an intrin-
sic actuation function, together with the load-carrying one. 
New potential applications can emerge from adding func-
tions to the actuating structures (i.e., mechanical, optical, and 
acoustic).

• The understanding of the actuation trigger mechanisms for 
hygromorphs (matrix-dominated and fiber-dominated actua-
tion) is key to propose new materials allowing for a greater 
exploration of the 4D printing hygrmoprhs design space. Ex-
amples of these materials are natural fibers and polyamide-
based filaments.

• The scales of modeling of the actuators (layer, phase, and in-
tra-phase) have been classified to understand how to measure 
the relevant mechanical and physical properties responsible 
for the actuation. Fiber-based actuators require more investi-
gations to be performed, to better understand the influence 
of the phase scale material properties on the 4D printed ac-
tuation. Developing robust modeling approaches to describe 
what occurs at intra-phase scale for both multi-materials and 
fiber-based actuators constitutes a central tenet to understand 
and predict the influence of the printing parameters on the 
hygromorphs actuation.

• Printing parameters such as the printing temperature, speed, 
and path have been described as key to control the actuation 
of the structure. Several other parameters controlling actua-
tion in other fields of 4D printing have also been discussed. 

Table 20. Conclusions about actuation speed for humidity triggered actuators. Conditions to be in the table: • 3D printed • actuator • RH-stimulated. 
(Followed by Table 21).

Reference Type speed Material Conclusions

Le Duigou et al. (2019)[8] Qualitative Continuous carbon fiber and PA6 • The higher the conditioning RH the higher the initial curvature derivative
• The conditioning RH has no influence on the actuating time.

Le Duigou et al. (2021)[50] Initial curvature 
derivative

Continuous flax fiber and PLA • The higher the interfilament distance the higher the initial curvature derivative
• The bigger the hinge gap the greater the initial curvature derivative.

Le Duigou et al. (2016)[58] Initial curvature 
derivative

Short wood fiber and PLA/PHA • 3D printed hygromorphs present greater initial curvature derivative than ther-
mocompressed actuators.

• The larger the printing width the greater the initial curvature derivative.

Tahouni et al. (2021)[55] Actuation  
time at 95%

Short wood reinforced polymer • The bigger the filling ratio of active restrictive or blocking layer, the higher the 
actuating time.

• The larger the number of active layer the higher the actuating time.
• Proves of concept for sequentially actuated aperture prototypes and cantilever 

beam lock.

Baker et al. (2019)[69] Qualitative Elastomer and hydrogel • The bigger the hinge gap, the higher the initial curvature derivative
• The hinge gap has no influence on the time to reach permanent state of 

actuation.

Su et al. (2018)[71] Actuation time SU-8 • The larger the thickness of the actuator the larger the time needed to reach 
actuation.

Zhao et al. (2018)[76] Actuation  
time at 85%

Poly(Ethylene Glycol) DiAcrylate 
(PEGDA) and Poly(ProPylene Glycol) 

DiMethAcrylate (PPGDMA)

• The larger the thickness of the PPGDMA (passive material) layer the larger the 
actuation time.

• Proofs of concept for sequentially actuated flower and worm.

Tomec et al. (2021)[67] Actuation  
time at 63.4%

Wood & PLA and PLA • The larger the thickness of the PLA (passive material) layer compared to the 
thickness of the wood & PLA layer the smaller the actuation time.

• The amount of fillers inside the PLA has little impact on the actuation time.

Table 21. Conclusions about actuation speed for humidity triggered 
actuators. Conditions to be in the table: • 3D printed • actuator • RH-
stimulated. (Following Table 20).

Reference Type speed Material Conclusions

Qu et al. (2022)[62] Time of 
actuation

Hydrogel • Water triggered actuation 
slower than sodium lactate 
and UV stimulated actuation.
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A key challenge for the development of 4D printing hygro-
morphs will be to test all those parameters for humidity-trig-
gered actuators. Another challenge for researchers working 
in the field of moisture actuation 4D-printed structures is 
to generate a standard capable of defining a clear process to 
measure the actuation amplitude and the control capability 
of a given structure. Such a standard would help to elimi-
nate part of the confusion created by the diversity of actua-
tion measuring parameters (i.e., position, curvature), as well 
as the conditioning processes adopted, which currently differ 
between research groups. This makes difficult to compare 
between materials and actuated structures described in open 
literature.

• The material properties responsible for the actuation con-
trol and the techniques to quantify those have been here 
discussed to allow for a better understanding of the design 
space of the 4D-printed hygromorphs actuators. Guidelines 
to measure the mechanical hygro-expansion and the porosity 
of the materials have also been given.

• Three types of conditioning phases have been here defined: 
pre-printing, as-printing, and post-printing conditioning. 
Each of them had its influence on the material properties re-
sponsible for the actuation. The first two conditioning phases 
tend to impact the quality of the hygromorph printed, whereas 
the post-printing conditioning can accelerate the deterioration 
of the material properties of the actuator over time.

• Strategies available to model the actuation of 4D-printed hy-
gromorphs have been presented. Those strategies involve the 
use of Timoshenko bi-layer beam-inspired models, classical 
laminate theory, finite element analysis, elastic energy, and 
voxel-based models, and others other mathematical frame-
works less extensively used. Each modeling technique was 
critically discussed and associated to specific configurations 
of actuators. One challenge for modeling techniques applied 
to moisture-triggered actuators is to account for the water 
diffusion through the material. The gradient of water inside 
the material generated by the diffusion of the humidity af-
fects the temporary deformation state of the structure. All 
the modeling methods presented here would benefit from 
accounting for this water gradient evolution through the ma-
terial itself.

• In past studies, the optimization of the structure of the 4D-
printed hygromorph actuator has been mostly performed via 
either genetic algorithms, or neural networks. In this paper, 
genetic algorithms are mainly discussed for multi-materials 
structures. However, the present paper also suggests few 
directions to follow in order to apply these predictive meth-
ods to fiber-reinforced actuators. The paper has presented 
genetic algorithms used in past studies, with their objective 
functions and deformation measuring parameters. To the Au-
thors’ knowledge, no genetic algorithm based-optimization 
has been performed so far to design 4D-printed short fibers 
or continuous fiber hygromorph actuators. The paper there-
fore discusses potential developments about the use of mod-
els inspired by stiffness optimization, to further the design 
space and production of future 4D-printed hygromorphs. 
The different design trials performed using data-driven al-
gorithms have been also discussed (i.e., k-nearest neighbor 
and linear regression). Only convolutional and recurrent 

neural networks have been here discussed at length, as they 
are considered the most promising optimization techniques 
available in the field of 4D-printed hygromorphs.

• The different ways of conditioning the hygromorph actua-
tors have been here presented and classified. Conditioning 
techniques discussed involve the use of air conditioning, 
oven/vacuum drying, water immersion, salt-saturated water 
(passive desiccation) and active desiccation. The criteria used 
to select the proper methods for conditioning are also intro-
duced in this paper as guidelines.

• The different techniques to measure the deformations have 
been here classified into three groups: physical, photo or 
point of interest tracking. These measurement techniques 
(with their pros and cons) have been associated with the pa-
rameters responsible of the actuation of the hygromorphs. 
Techniques to measure the speed of actuation are also dis-
cussed. Limited work has been performed so far on improv-
ing the actuation speed of the materials considered. The 
creation and use of dynamic actuation will require tests and 
custom modeling to analyse the influence of the printing 
parameters and material properties for this specific appli-
cation. Ideally, a standardization of the tests should be cre-
ated for comparing the dynamic behavior of materials and 
structures actuated within the different research groups 
invested in 4D printing worldwide. To conduct such tests, 
the water conductivity of the printed materials would be an 
additional material property to be measured for generating 
ad-hoc models.

The 4D printing paradigm introduced in 2013 by Tibbits 
et al. has also found applications highlighted in humidity-trig-
gered test cases. Engineering applications such as smart solar 
concentrators and trackers, humidity self-regulating buildings 
and highly personalized clothing are among those in which 
hygromroph materials could find an avenue. Biomedical is 
the second predominant field of application, as it makes use 
of hygromorph principles for drug delivery and tissue engi-
neering. The paper demonstrated that 4D printed hygromorphs 
are at an early stage of development, and part of the research 
studies discussed here have been also performed for tempera-
ture-stimulated structures. In the case of design optimization 
of hygromorphs, also compliance-based methodologies have 
been used to highlight new potential avenues to design hygro-
morphic materials and structures. For all the aspects touched 
on in this study, the authors have also tried to present poten-
tial directions of research and development for 4D-printed 
hygromorph materials.
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