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Since its introduction, the 3D printing technology has been widely used in fields such as design, rapid prototyping, and biomedical
devices, owing to its advantages of inexpensive, facile embodiment of computer 3D files into physical objects. Later, 4D printing was
introduced by adding the temporal dimension to 3D. Stimuli such as heat, humidity, pH, and light trigger the actuation of printed
objects without motors or wires. Smart materials that respond to external stimuli are good candidates for 4D printing. In this paper,
we review the recent research on 4D printing, and categorize it with respect to the activating stimuli. The mechanical properties of
4D printing materials are mentioned as well. Finally, the future of 4D printing is discussed.
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1. Introduction

Additive manufacturing has been the subject of increasing interest

for manufacturing complex three-dimensional (3D) objects by joining

or layering materials.1-3 3D printing is a well-known additive

manufacturing technology that allows researchers, manufacturers, and

private users to fabricate custom 3D objects using computer software

and computer aided design (CAD). The emergence of 3D printing

boosted the field of rapid prototyping due to inexpensive and fast

embodiment of CAD data.4 Owing to facile and customizable

characteristics of 3D printing, this approach has become widely

adopted in various fields, such as fabrication of fashion and jewelry

items,5,6 polymer printed textiles,7 supercapacitors,8 mechanical

metamaterials and sensors9,10, bio-hybrid robotics,11 and tissue and

scaffolds.1,11-18

With the introduction of smart materials, the “smartness” of

materials, capturing their responses to external stimuli has been utilized

for shape recovery, sensors, and actuators.19-22 In addition, attempts to

combine smart materials and 3D printing resulted in 3D objects that are

activated by environment and/or external stimuli. These stimuli-

responsive 3D printed objects were dubbed “4D printed objects”,

highlighting time as the fourth dimension.23 Shape morphing after

printing is the main characteristic of 4D printing. Shape variations in

4D printed objects can be induced by different external stimuli, to

cause expansion, shrinkage, or folding of the printed objects. For

example, self-folding and automatic response of 4D printed objects was

obtained using smart materials. In general, the characteristics of such

dynamic transformations are defined by different principles for objects

composed of one smart material and bilayer structures with different

properties and inhomogeneity.24,25 Stimuli-wise, 4D printing can be

categorized as induced by temperature, humidity, or solvents, as well as

pH or light.26 In this paper, we review recent advances in 4D printing,

focusing on stimuli. In addition, we discuss some important properties

of materials that are used for actuating, such as the glass transition

temperature, mechanical properties, recovery rate, and swell ratio.

4D printing is likely to play a key role in future devices, owing to

its clear advantages. Printed 2D sheets can reduce the space required

for transportation, thus reducing manual labor.27 4D printed actuators,

without wires, motors, and batteries, can allow researchers to

implement micro/nano-actuators and/or smart devices. Applications of

4D printing have been reported in various fields, such as biomedical

devices,28 security,29 fabrication of precise patterned surfaces for optics,

electronic devices,30 structures with multi-directional properties,31 and

soft actuators.32 As the 4D printing technology is developed, various

additional applications are envisioned to emerge in the future.

2. Shape Memory Effect in 4D Printing

Smart materials are materials that respond to external stimuli by

transforming their shape and/or volume and changing the physical

properties, such as Young’s modulus, stiffness, and resistance.

Especially, smart materials that exhibit the shape memory effect (SME)

are able to recover their original shape following environmental
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changes such as changes in humidity, pH, irradiation, and

temperature.20,33-35

These transformable characteristics of materials that exhibit the

SME have attracted the attention of researchers, because these

properties allow to design objects that can be activated after printing.

Polymers that exhibit the SME, known as shape memory polymers

(SMPs), are proper candidate materials for 4D printing technology.

2.1 Transformations Using Thermal Stimuli

Thermal response SMPs react to thermal stimuli by transforming or

reverting their memorized shapes. Once a permanent shape has been

memorized, a thermal response SMP can revert its shape from a

temporary shape to the permanent shape by absorbing thermal energy.

In general, thermal response SMPs possess a characteristic transition

temperature point, such as the glass-transition temperature. This

transformation entails the recovery force. This recovery force has been

harnessed for material activation in 4D printing. 

Ge et al. (2013) introduced the concept of printed active composite

materials (PAC) fabricated by directly imprinting fibers of SMPs into

an elastomeric matrix. They suggested that the orientation of fibers

affected the thermal response behavior of the SMPs. The glass

transition temperatures of the elastomeric matrix and the SMP fibers

were ~-5 and ~35oC, respectively.36 A PAC was applied in a hinge

section as an active part of a 3D printed rod. Ge et al. (2014) fabricated

PAC hinges with SMP fibers consisting of the material termed “Gray

60” with the glass transition temperature of ~47oC. The deformation

angle of the hinge was measured with respect to the strain and hinge’s

length, and the maximal deformation angle was ~-20˚ and was obtained

for a 10-mm-long hinge.37 Utilizing thermal response SMPs to achieve

two or more shape changes with increasing temperature, Wu et al.

(2016) had fabricated composite materials using more than one type of

SMP fibers. Because SMPs have unique transition temperatures, multi-

shape active composites should be fabricated with multi-materials.

These authors used two fibers with the glass transition temperatures of

~57 and ~38oC, respectively. The matrix was prepared with

TangoBlack+, which has the lowest glass transition temperature (~2oC)

among the materials that were used by the researchers. Fibers were

printed inside of the matrix of a two-layer composite. Owing to the

different glass transition temperatures of the matrix and the two fibers,

the composites exhibited three types of temporary shapes, and the

permanent shape was recovered for temperatures above the glass

transition temperatures of the both fibers. Fig. 1(a) shows the active

motion of printed objects consisting of SMP fibers that have different

glass transition temperatures.38

For achieving more complex motion of printed objects, Kai et al.

(2015) used seven thermal response SMPs, each with a different glass

transition temperature. An inhomogeneous strand was fabricated with

hinges composed of SMPs for sequential shape recovery process. Fig.

1(b) shows the sequential folding of the one-dimensional (1D) strand

with the hinge section. The seven epoxy polymers had glass transition

temperatures ranging from ~32 to ~65oC. When the strand with a

graded hinge section was immersed in hot water at 100oC, which is

higher than the glass transition temperatures of all hinge section’s

SMPs, sequential shape recovery motion was generated by the graded

hinge section.39,40

The concept of PAC was utilized in biomedical scaffolds

fabricated using a stereolithography (SLA) printer that was assembled

by Miao et al. (2016). Considering the biocompatibility for

biomedical scaffolds, polymerized epoxidized soybean oil acrylate

was used as a repeated unit for thermal response SMPs. The

polymerization process was triggered by an ultraviolet laser and the

frequency of the laser affected the extent of polymerization. The

researchers synthesized biocompatible SMPs with thermal response

properties and glass transition temperature of ~20oC. The printed

object consisted of a soy bean oil base polymer that could revert its

original shape at ~37oC.16 Miao et al. (2016) reported scaffolds that

exhibited the SME with graded porosity. Polycaprolactone (PCL),

which is a well-known biocompatible polymer, crosslinked with two

monomer groups, PCL triol and castor oil, was expected to achieve

the SME. Gradient-distributed scaffold channels were obtained using

Fig. 1 4D printings responsive to thermal stimuli. (a) Sequential

folding of a structure mimicking an insect composed of a

fiber.38 Reused with permission of the Nature publishing group.

(b) A 1D strand with a smart hinge section with different

transition temperatures.40 Reused with permission of the Nature

publishing group. (c) Formation of a flower-like 3D shape

from a planar sheet with uniform internal strain.44 Reused with

permission of the Nature publishing group. (d) A multi-

material gripper.45 Reused with permission of the Nature

publishing group
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3D printing.17

Bakarich et al. (2015) designed a smart temperature-responsive

valve that was composed of hydrogels. Hydrogels were utilized in 4D

printing due to their high toughness and volume reversibility in response to

environmental changes. Alginate/poly (N-isopropylacrylamide) (PNIPAAm)

inks were prepared to obtain a smart valve with the actuating

temperature ranging from 20 to 60oC. The smart valve closed to reduce

the flow rate with length changes of 41-49% at 60oC owing to the

transition temperature of the smart valve, which was in the 32-35oC

range.41

For morphing printed flat two-dimensional (2D) sheets to 3D

objects, Kwok et al. (2015) proposed a shape optimization technique by

inserting cuts in a printed 2D sheet to avoid intersection of 2D patterns

and deflection of a 3D shape surface with shape change. Interior and

boundary cuts were designed by considering mathematical and

simulation results. A 2D sheet that was printed based on the SLA

process with interior and boundary cuts transformed into a 3D shape

more clearly than that fabricated without cuts. Polystyrene films were

located in the hinge section due to shrinkable characteristics under

heating.24

Bodaghi et al. (2016) demonstrated the possibility of fabricating

actuating units with different SMP fibers in a flexible beam. They

achieved self-expansion and self-shrinkage based on the anisotropy

during the printing process. Self-expansion/shrinkage characteristics

were validated both experimentally and numerically. The researchers

fabricated planar and tubular shapes composed of periodically arranged

actuating units. The actuating units were made from commercialized

SMPs in the 3D printer library of Stratasys.42

Zhang et al. (2015) proposed to use 3D printing for achieving

uniform internal strains in thermal response SMPs. To obtain

permanently shaped thermal response SMPs, an external force should

be applied to form the shape and it may induce uneven strain on the

SMPs. The researchers argued that 3D printing can be used to achieve

uniform internal strains by using a platform as a constraint during the

shape-programming process. The stored internal strains have to be

considered for more accurate motion and for avoiding unexpected

shape changes.43

Uniform distribution of internal strains enables symmetric

deformations of 3D printed objects. Zhang et al. (2016) used the

advantages of the above-explained method of 3D printing to fabricate

inexpensive and lightweight 3D objects with thermal response

characteristics. A planar sheet printed with uniform internal strain was

shown in Fig. 1(c). The researchers printed polylactic acid (PLA) strips

as a thermal response layer on a fixed sheet with the structure similar

to the leaf vein structure, and cut the printed sheet into a six-petal

shape. The cut bilayer sheet was rolled into a flow-like shape in

response to a thermal stimulus. Such lightweight smart structures could

be used for adaptive metamaterials whose band gap can be changed

due to the transformation of the underlying lattice structure in response

to a proper thermal stimulus.44 

The efforts to obtain SMPs with different transition temperatures are

ongoing. To design thermal response SMPs without commercial

materials, Ge et al. (2016) synthesized SMPs from monomers with

various mass fractions of crosslinker polymers and utilized projection

microstereolithography (PμSL) to create high-resolution multi-

materials in 4D printing. They fabricated a multi-material gripper that

was shown in Fig. 1(d). The resolution obtained using the PμSL

process reached a few microns. Owing to photo-curable polymers with

various crosslinkers, the researchers were able to fabricate devices with

a wide range of glass transition temperatures.45 

Simulations and theoretical analyses of SMPs were conducted for

predicting their active motion response. Because the PACs in response

to thermal stimuli were based on the thermally active SMPs, the

governing equations for numerical simulations were derived from the

equations for SMPs. Analytical solutions were based on the lamina

composite materials theory. As the SMPs consisted of glassy and

rubbery phases, the strain function was defined by inelastic strain that

occurred in glassy or rubbery phases and strain determined by thermal

phase transformation.42,46 Simulation results were compared with

experimental results regarding the strain, force and recovery behavior

with respect to deformation and stimuli.38,44,45,47

2.2 Transformations in Solvents

Water or solvents drive the SME in SMPs. Hydrophilic (water-

soluble) polymers usually exhibit the SME in response to water.

Penetration of water into hydrophilic SMPs may reduce the glass

transition temperature below room temperature.48 Lower glass

transition temperature enables the printed objects to exhibit the SME at

room temperature. As the driving force for obtaining active 3D printed

objects, water-induced SME was characterized by a slower recovery of

shape compared with the SME induced by heat. Despite the

disadvantage of slow reaction time, water response SMPs have been

utilized for objects that are used in aquatic environments or at room

temperature.

Tibbits (2014) harnessed the volume reversibility effect of a

hydrophilic polymer that expanded to 150% of its original volume, to

develop a multi-material 1D strand that was used to form the

abbreviation ‘MIT’ in water.23

The possibility of obtaining water response SMPs was investigated

by Raviv et al. (2014). Linear objects were composed of alternating

series of rigid objects and SMPs, and ring-shaped objects were printed.

In addition, the researchers fabricated 3D printed objects for folding

motion, which had a hinge section consisting of SMPs. These printed

models were activated in water with water response SMPs that

exhibited a maximal volume expansion of 200% of the original

volume. The SMPs used by the researchers were composed of

hydrophilic acrylated monomers with a small amount of difunctional

molecules.49

By controlling the orientation of particles in materials during

printing using an external magnetic force, different mechanical or

swelling properties were reported by Kokkinis et al. (2015), who

managed to align fused silica particles in anisotropic reinforced

materials. Combining stiff materials with a soft swelling material in 3D

printed objects, shape morphing was triggered owing to the different

alignments of these particles.50 The inhomogeneous printed 3D shape

was used as a key-locker, shown in Fig. 2(a).

Duigou et al. (2016) used natural phenomena, such as the dispersion

of pinecone seeds and hygroscopicity of wood fiber, to design

moisture-actuated 3D printed objects. They incorporated commercially

available wood and coconut fibers at different orientation into
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elastomeric polymers. The highest tensile stress was shown for a matrix

with a 0o orientation fiber; the magnitude of this stress was ~30 MPa

and it was shown that water uptake ratio increases with reducing tensile

strength.51 The researchers fabricated composites with different

orientations of fibers, as shown in Fig. 2(b).

Hydrogels, which are widely used in bio-applications due to their

biocompatibility and superior water absorption characteristics, expand

when immersed in water.52 Hydrogels were used in 3D printing to

fabricate functional or strength-enhanced printed objects.53,54 Gladman

et al. (2016) were inspired by botanical hydration systems and mixed

fibrils with a hydrogel to achieve water response SME. The fibrils

acted as smart materials in the composite and were aligned owing to

the shear that was induced during the printing process. This anisotropic

alignment of fibrils caused differences in longitudinal and transverse

strains in terms of swelling. The transverse deformation was larger than

the longitudinal one, because the fibrils expanded more in the

transverse direction. Likewise, the differences, for the longitudinal and

transverse elastic moduli, were ~40 and ~20 kPa, respectively. The

anisotropic swelling property was harnessed to perform folding with

various curvatures. Fig. 2(c) shows the formation of a flower-like 3D

shape of a bilayer structure. The bilayer structure composed of an

anisotropic composite with fibrils was used for obtaining complex

shapes, such as a flower with ruffling.55

The water swell ratio is likely to change with temperature and

Naficy et al. (2016) fabricated a bilayer composed of two different

hydrogels whose swell ratio varied with temperature. Polyether-based

polyurethane with different base monomers and composition ratio

exhibited significantly different water swelling ratios at 20 and 60oC.

The different swell ratios for this bilayer structure induced opposite

signs of curvature at 20 and 60oC.56

Au et al. (2015) used the pressure of a liquid flow to design an

automatically controlled valve using polydimethylsiloxane (PDMS).

The flow rate was controlled by a 3D printed valve that changed its

status according to the pressure induced by the flow. This automatic

valve was composed of the soft PDMS whose Young’s modulus was ~2

MPa, instead of smart materials such as hydrogels or water response

SMPs. Without using smart materials or SMPs, Au et al. fabricated

smart 3D printed objects.57 

pH-sensitive polymers have been considered for drug delivery

systems, to distinguish between healthy cells and diseased cells.

Because healthy cells and cancerous cells cannot be distinguished by

conventional anticancer drugs, SMPs response to temperature or pH

was utilized for drug delivery devices.12,35 Nadgorny et al. (2016)

fabricated a macro-porous poly 2-vinylpyridine (P2VP) membrane by

adding acrylonitrile-butadiene-styrene (ABS), to enhance the

mechanical stability of P2VP, to stabilize injection during 3D printing.

ABS with P2VP had the glass transition temperature of 120oC and

enabled a reversible flow control owing to its swelling and shrinking

response to pH variations.58

3. The Future of 4D Printing

4D printing is a relatively new and interesting research field and has

significant potential for expansion. As 4D technology originated from

the 3D printing technology, there are inherent challenges such as

resolution, material limitations, mechanical properties and feasibility of

achieving complex geometries.59-62 4D printing was based on the 3D

printing technology such as fused deposition modeling (FDM), SLA,

selective laser melting and selective laser sintering (SLS).63,64

Commercialized 3D poly-jet printers typically has a resolution of few

tens of micrometers.61 For precise 3D shape fabrication and accurate

moving, the high resolution is required for development of tissue or

scaffolds or micro/nano actuator.13,65 Improvement of resolution also

led to a higher surface quality because the roughness of printed object

was determined by the nozzle size. Polymeric materials of 4D printing

were injected through the nozzle of 3D printer. Due to the layer by

layer manufacturing, printed objects had anisotropic mechanical

properties which were affected by adhesion between the polymer

strands.60,66 As most of the PACs are multi-material systems, adhesion

and interlayer behavior would be a limitation to adopt functional

polymeric materials.67 Furthermore, durability of active motion of 4D

printed objects was one of the obstacles for commercialization.

Mechanical degradation that occurred in printed multi-material systems

during thermo-mechanical cycling was identified as a fundamental

issue68. There was also chemical degradation during the curing

process. Ultra violet lights for curing photopolymers were found to

cause damage of polymer and degradation of properties.51 The

thermal energy also affected the network structure significantly.60 This

Fig. 2 4D printings activated by water. (a) A key-lock structure

composed of particles that reinforce the composite.50 Reused

with permission of the Nature publishing group. (b) A hygro-

morph composite with wood fibers.51 Reused with permission

of Elsevier. (c) Formation of a flower-like 3D shape of a

bilayer structure composed of a cellulose fiber composite.55

Reused with permission of the Nature publishing group
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Table 1 Summary of recent research results on 4D printing materials and their properties

Year Researcher Materials Printing process Properties

2013 Ge et al.36 A composite of SMP fibers in an 
elastomeric matrix

Polyjet 
(Object Connex 260, 

Stratasys)

· Glass transition temperature
Elastomeric matrix: ~-5oC

Fibers: ~35oC
· Young’s modulus

Elastomeric matrix: ~0.7 MPa at 15oC
Fibers: 3.3 MPa at 60oC

13.3 MPa at 15oC

2014 Ge et al.37

A composite of SMP fibers in an 
elastomeric matrix

· TangoBlack as the elastomeric matrix
· Gray 60 as the SMP fiber

Polyjet 
(Object Connex 260, 

Stratasys)

· Glass transition temperature
TangoBlack: ~-5oC

Gray 60: ~47oC
· Young’s modulus

TangoBlack: ~0.7 MPa
Gray 60: ~6 MPa (from paper)

2016 Wu et al. 38

A composite of two SMP fibers for 
multiple transition temperatures

· TangoBlack+ as the elastomeric matrix
· DM 8530 (Gray 60), DM 9895 as 

the SMP fibers

Polyjet 
(Object Connex 260, 

Stratasys)

· Glass transition temperature
TangoBlack+: ~2oC

DM 8530, DM 9895: ~57oC, ~38oC respectively
· Tensile strength

DM 8530 : 29-38 MPa
DM 9895 : 8.5-10 MPa 

(from the data sheet of production company)

2015,
2016

Kai and 
Mao et al.39,40

Inhomogeneous with a hinge section
· Epoxy polymers as the hinge

Polyjet 
(Object Connex 260, 

Stratasys)

· Glass transition temperature
Epoxys: ~32, ~35, ~55, ~60, ~65oC

2016 Miao et al.16 · Soybean oil acrylate 
· Ciba Irgacure 819

Customized 3D printer 
using SLA

· Glass transition temperature
Soybean sample: ~20oC

2016 Miao et al.17

A PCL-based composite
· PCL

· PCL triol 
· Caster oil

Rhinoceros 3D (McNeel)
· Glass transition temperature

Sample based PCL: -8, 9, 21, 35, 0oC
Recovery speed (o/s): 69.5, 30.0, 23.1, 3.9, 75.5

2015
Bakarich 

et al.41
A composite of hydrogels

· Alginate/PNIPAAm
3D-Bioplotter

· Young’s modulus
10 % of NiPAAm: ~0.29 MPa at 20oC

~1.4 MPa at 60oC
15 % of NiPAAm: ~0.26 MPa at 20oC

~1.8 MPa at 60oC
20 % of NiPAAm: ~0.17 MPa at 20oC

~1.9 MPa at 60oC

2015,
2016

Zhang et al.44 · PLA
3D polymer printer 

(MakerBot Replicator 2, 
MakerBot)

· Glass transition temperature
PLA: 60~65oC

2016 Ge et al.45

· Phenylbis (2, 4, 6-trimethylbenzoyl) 
phosphine oxide as a photo-initiator

· Methacrylate based polymer
· Sudan I and Rhodamine B as photo

-absorber

Customized SLA 3D 
printer

· Glass transition temperature
TangoBlack: ~-5oC

Gray 60: ~47oC
· Young’s modulus

Sample A: 16.5 MPa with 5% failure strain 
Sample B: 0.92 MPa with 99% failure strain

2014 Raviv et al.49 

Hydrophilic polymer
· Vinyl Caprolactam

· Polyethylene
· Epoxy diacrylate oligomer

· Iragcure 819
· Wetting agent

PolyJet 
(Object Connex 500, 

Stratsys)

· Young’s modulus
Rigid material: 2 GPa with Poisson’s ratio 

of 0.4
Expanding material: 40 MPa in the dry state

 5 MPa when fully swollen

2015
Kokkinis 

et al.50

A composite with particles 
· Polyurethane acrylate
· Fumed silica particles

· Iragcure 819 as photo-initiator

Customized magnetically 
assisted 3D printer 

(3D Discovery,
regenHU)

· Young’s modulus
Matrix polymer: ~5 MPa

Particle composite polymer: ~5 MPa, 
~8.5 MPa

 (with respect to the orientation of particles)

2016 Duigou et al.51

A composite of wood fibers
PLA and poly (Hydroxyalkanoate)

· 40 wt% wood fiber
· 40 wt% coconut fiber

3D printer 
(i3 Rework, Prusa)

· Young’s modulus
0o compressed composite:

~4000 MPa with ~0.15% of swelling
90o compressed composite: 

~ 3500MPa with ~0.43% of swelling
90o with high speed printing: 

~ 900 MPa with ~0.5% of swelling
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degradation of material caused the limitation on polymer or materials

for 4D printing. This degradation of materials is a limitation on the use

of polymers or materials in 4D printing. In the biomedical field,

advances in biocompatible materials would be an issue, because the

SLA process that can reach high resolution cannot utilize

biocompatible materials that were approved by the Food and Drug

Administration (such as PCL, PLA, and poly-L-lactic acid). FDM, SLS

and inkjet processing, can be used to print these biocompatible

materials without chemical modifications.15,69 Likewise, various

printable materials can widen the scope of 4D printing applications

with respect to a variety of external stimuli. Besides, glass transition

temperature of 4D printed objects was too high for human body.

Because permanent shape is recovered above the glass transition

temperature, glass transition temperature of 4D printed objects is a

factor that affects active motion. In order to tailor the glass transition

temperature, copolymerizing for changing the length of crosslink

polymers could be adopted.70

Materials for 4D printing should be printable with properties of

low glass transition temperature and suitable viscosity. Instead of

SMPs, wood fibers and botanical cellulose, with the smart behavior

as described above, are good candidate materials for 4D printing. On

the other hand, developing the fundamental understanding of the

mechanical properties of materials suitable for 4D printing can

trigger the smart effects of 3D structures. In the case of Au et al.

(2015), as explained above, the researchers achieved a pressure

response valve using soft characteristics of PDMS. Therefore,

understanding the mechanical properties and structure is important

for 4D printing.71

Simulations have been conducted with simulation tools such as

ABAQUS and COMSOL.38,39 Most of the reported simulation results

were concerned with the behavior of stress-strain curve with respect

to temperature, deformation and bending behavior in 1D or 2D.

Based on the classic lamina theory or SMPs behavior model,

parameters such as thermo-mechanical properties were defined

through experimental results. Numerous simulations were carried out

using simpler models with rigid and actuating parts modeled in 1D

or 2D because of complexity of 3D models. Even though actuation

of 4D printed object could be predicted through a 2D model, self-

collision and optimal design needs a 3D model.24 Active motion

induced by SME was analyzed using deformation behavior model of

SMPs. However, the active motion of 4D printed objects was due to the

deformation mismatching, swelling effect or optimized structure.

Development of theoretical model for PAC would be a task for future

work.

4D printing, a novel technology of additive manufacturing, has a

strong potential for biomedical applications as well. Patient oriented

products such as vascular, dental, artificial organs may be fabricated

using 4D printing.59,68,72 Also, micro-gripper or medical staple with

self-tightening function which induces defined stress with stimulus

was introduced.20 Overcoming the low mechanical strength and

durability of PAC will broaden 4D printing into artificial muscles

which are subject to peak stress in range of 40-80 MPa.73 Besides,

4D printing technology may also be utilized in fields of sensors and

electrical devices.74

4. Summary

In this paper, we reviewed the recent research on 4D printing,

categorizing the research efforts by activation stimuli. Table 1

summarizes the up-to-date research efforts on 4D printing. Based

on the compilation of the recent works in this area, efforts to

develop 4D printing technology as a viable tool in advanced

manufacturing and prototyping are expected to expand rapidly in

the near future.
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Table 1 Continued

Year Researcher Materials Printing process Properties

2016
Gladman

et al.55

A composite of wood-derived fibrils
· Cellulose micro-fibrils 
· Hydrogels (poly (N,N-

dimethylacrylamide) matrix with 
PNIPAAm)

Inkjet printing method

· Young’s modulus
Stiff filler : > 100 GPa

Printed composite: 
~40 kPa, ~10% swelling strain (Longitudinal)
~20 kPa, ~40% swelling strain (Transverse)

2016 Naficy et al.56
A composite of fibers 
· Hydrogels (Alginate

(Alg) / poly (Acrylamide) (PAAm))
3D-Bioplotter

· Young’s modulus
Hydrogels (Alg/PAAm): 26 kPa (Cast)

 ~66 kPa (Printed)

2015 Au et al.57 · PDMS
· Rigid part

3D SLA printer 
(XC 11122, WaterShed)

· Young’s modulus
Rigid part : 2700 MPa (Poisson’s ratio of 0.3)

PDMS : ~2 MPa

2016
Nadgorny 

et al.58
· P2VP
· ABS
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(Replicator 2X, Makerbot)



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 4, No. 3 JULY 2017 / 355

2. Chua, Z. Y., Ahn, I. H., and Moon, S. K., “Process Monitoring and

Inspection Systems in Metal Additive Manufacturing: Status and

Applications,” Int. J. Precis. Eng. Manuf.-Green Tech., Vol. 4, No. 2,

pp. 235-245, 2017.

3. Ko, H., Moon, S. K., and Hwang, J., “Design for Additive

Manufacturing in Customized Products,” Int. J. Precis. Eng. Manuf.,

Vol. 16, No. 11, pp. 2369-2375, 2015.

4. Kang, H. S., Lee, J. Y., Choi, S., Kim, H., Park, J. H., et al., “Smart

Manufacturing: Past Research, Present Findings, and Future

Directions,” Int. J. Precis. Eng. Manuf.-Green Tech., Vol. 3, No. 1,

pp. 111-128, 2016.

5. Yap, Y. and Yeong, W., “Additive Manufacture of Fashion and

Jewellery Products: A Mini Review: This Paper Provides an Insight

into the Future of 3D Printing Industries for Fashion and Jewellery

Products,” Virtual and Physical Prototyping, Vol. 9, No. 3, pp. 195-

201, 2014.

6. Zarek, M., Layani, M., Eliazar, S., Mansour, N., Cooperstein, I., et

al., “4D Printing Shape Memory Polymers for Dynamic Jewellery

and Fashionwear,” Virtual and Physical Prototyping, Vol. 11, No. 4,

pp. 263-270, 2016.

7. Eujin Pei, D., Pei, E., Shen, J., and Watling, J., “Direct 3D Printing

of Polymers onto Textiles: Experimental Studies and Applications,”

Rapid Prototyping Journal, Vol. 21, No. 5, pp. 556-571, 2015.

8. Kadimisetty, K., Mosa, I. M., Malla, S., Satterwhite-Warden, J. E.,

Kuhns, T. M., et al., “3D-Printed Supercapacitor-Powered

Electrochemiluminescent Protein Immunoarray,” Biosensors and

Bioelectronics, Vol. 77, pp. 188-193, 2016.

9. Jiang, Y. and Wang, Q., “Highly-Stretchable 3D-Architected

Mechanical Metamaterials,” Scientific Reports, Vol. 6, Paper No.

34147, 2016.

10. Vatani, M., Lu, Y., Engeberg, E. D., and Choi, J.-W., “Combined 3D

Printing Technologies and Material for Fabrication of Tactile Sensors,”

Int. J. Precis. Eng. Manuf., Vol. 16, No. 7, pp. 1375-1383, 2015.

11. Stanton, M., Trichet-Paredes, C., and Sanchez, S., “Applications of

Three-Dimensional (3D) Printing for Microswimmers and Bio-

Hybrid Robotics,” Lab on a Chip, Vol. 15, No. 7, pp. 1634-1637,

2015.

12. Bose, S., Vahabzadeh, S., and Bandyopadhyay, A., “Bone Tissue

Engineering Using 3D Printing,” Materials Today, Vol. 16, No. 12,

pp. 496-504, 2013.

13. Dunn, J. C., Chan, W.-Y., Cristini, V., Kim, J., Lowengrub, J., et al.,

“Analysis of Cell Growth in Three-Dimensional Scaffolds,” Tissue

Engineering, Vol. 12, No. 4, pp. 705-716, 2006.

14. An, J., Teoh, J. E. M., Suntornnond, R., and Chua, C. K., “Design

and 3D Printing of Scaffolds and Tissues,” Engineering, Vol. 1, No.

2, pp. 261-268, 2015.

15. Chia, H. N. and Wu, B. M., “Recent Advances in 3D Printing of

Biomaterials,” Journal of Biological Engineering, Vol. 9, No. 1, p. 4, 2015.

16. Shida Miao, W. Z., Castro, N. J., Nowicki, M., Zhou, X., Cui, H., et

al., “4D Printing Smart Biomedical Scaffolds with Novel Soybean

Oil Epoxidized Acrylate,” Scientific Reports, Vol. 6, Paper No.

27226, 2016.

17. Miao, S., Zhu, W., Castro, N. J., Leng, J., and Zhang, L. G., “Four-

Dimensional Printing Hierarchy Scaffolds with Highly Biocompatible

Smart Polymers for Tissue Engineering Applications,” Tissue

Engineering Part C: Methods, Vol. 22, No. 10, pp. 952-963, 2016.

18. Yoo, D.-J. and Kim, K.-H., “An Advanced Multi-Morphology

Porous Scaffold Design Method Using Volumetric Distance Field

and Beta Growth Function,” Int. J. Precis. Eng. Manuf., Vol. 16, No.

9, pp. 2021-2032, 2015.

19. Liu, Y., Genzer, J., and Dickey, M. D., ““2D or Not 2D”: Shape-

Programming Polymer Sheets,” Progress in Polymer Science, Vol.

52, pp. 79-106, 2016.

20. Yang, W. G., Lu, H., Huang, W. M., Qi, H. J., Wu, X. L., et al.,

“Advanced Shape Memory Technology to Reshape Product Design,

Manufacturing and Recycling,” Polymers, Vol. 6, No. 8, pp. 2287-

2308, 2014.

21. Breger, J. C., Yoon, C., Xiao, R., Kwag, H. R., Wang, M. O., et al.,

“Self-Folding Thermo-Magnetically Responsive Soft

Microgrippers,” ACS Applied Materials & Interfaces, Vol. 7, No. 5,

pp. 3398-3405, 2015.

22. Lee, Y., Lee, H., Hwang, T., Lee, J.-G., and Cho, M., “Sequential

Folding Using Light-Activated Polystyrene Sheet,” Scientific

Reports, Vol. 5, Paper No. 16544, 2015.

23. Tibbits, S., “4D Printing: Multi-Material Shape Change,”

Architectural Design, Vol. 84, No. 1, pp. 116-121, 2014.

24. Kwok, T.-H., Wang, C. C., Deng, D., Zhang, Y., and Chen, Y.,

“Four-Dimensional Printing for Freeform Surfaces: Design

Optimization of Origami and Kirigami Structures,” Journal of

Mechanical Design, Vol. 137, No. 11, Paepr No. 111413, 2015.

25. Zhou, Y., Huang, W. M., Kang, S. F., Wu, X. L., Lu, H. B., et al.,

“From 3D to 4D Printing: Approaches and Typical Applications,”

Journal of Mechanical Science and Technology, Vol. 29, No. 10, pp.

4281-4288, 2015.

26. Leist, S. K. and Zhou, J., “Current Status of 4D Printing Technology

and the Potential of Light-Reactive Smart Materials as 4D Printable

Materials,” Virtual and Physical Prototyping, Vol. 11, No. 4, pp.

249-262, 2016.

27. Felton, S. M., Tolley, M. T., Shin, B., Onal, C. D., Demaine, E. D.,

et al., “Self-Folding with Shape Memory Composites,” Soft Matter,

Vol. 9, No. 32, pp. 7688-7694, 2013.

28. Cock, F., Cuadri, A., García-Morales, M., and Partal, P., “Thermal,

Rheological and Microstructural Characterisation of Commercial

Biodegradable Polyesters,” Polymer Testing, Vol. 32, No. 4, pp.

716-723, 2013.



356 / JULY 2017 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 4, No. 3

29. Ivanova, O., Elliott, A., Campbell, T., and Williams, C.,

“Unclonable Security Features for Additive Manufacturing,”

Additive Manufacturing, Vol. 1, pp. 24-31, 2014.

30. Liu, X., Zheng, Y., Peurifoy, S. R., Kothari, E. A., and

Braunschweig, A. B., “Optimization of 4D Polymer Printing within

a Massively Parallel Flow-Through Photochemical Microreactor,”

Polymer Chemistry, Vol. 7, No. 19, pp. 3229-3235, 2016.

31. Quan, Z., Wu, A., Keefe, M., Qin, X., Yu, J., et al., “Additive

Manufacturing of Multi-Directional Preforms for Composites:

Opportunities and Challenges,” Materials Today, Vol. 18, No. 9, pp.

503-512, 2015.

32. Zolfagharian, A., Kouzani, A. Z., Khoo, S. Y., Moghadam, A. A. A.,

Gibson, I., et al., “Evolution of 3D Printed Soft Actuators,” Sensors

and Actuators A: Physical, Vol. 250, pp. 258-272, 2016.

33. Huang, W., Ding, Z., Wang, C., Wei, J., Zhao, Y., et al., “Shape

Memory Materials,” Materials Today, Vol. 13, No. 7, pp. 54-61,

2010.

34. Sutar, R. L., Levin, E., Butilkov, D., Goldberg, I., Reany, O., et al.,

“A Light-Activated Olefin Metathesis Catalyst Equipped with a

Chromatic Orthogonal Self-Destruct Function,” Angewandte

Chemie, Vol. 128, No. 2, pp. 774-777, 2016.

35. Zhang, X., Yang, P., Dai, Y., Ma, P. A., Li, X., et al.,

“Multifunctional Up-Converting Nanocomposites with Smart

Polymer Brushes Gated Mesopores for Cell Imaging and Thermo/Ph

Dual-Responsive Drug Controlled Release,” Advanced Functional

Materials, Vol. 23, No. 33, pp. 4067-4078, 2013.

36. Ge, Q., Qi, H. J., and Dunn, M. L., “Active Materials by Four-

Dimension Printing,” Applied Physics Letters, Vol. 103, No. 13,

Paper No. 131901, 2013.

37. Ge, Q., Dunn, C. K., Qi, H. J., and Dunn, M. L., “Active Origami

by 4D Printing,” Smart Materials and Structures, Vol. 23, No. 9,

Paper No. 094007, 2014.

38. Wu, J., Yuan, C., Ding, Z., Isakov, M., Mao, Y., et al., “Multi-Shape

Active Composites by 3D Printing of Digital Shape Memory

Polymers,” Scientific Reports, Vol. 6, Article No. 2422, 2016.

39. Yu, K., Ritchie, A., Mao, Y., Dunn, M. L., and Qi, H. J., “Controlled

Sequential Shape Changing Components by 3D Printing of Shape

Memory Polymer Multimaterials,” Procedia IUTAM, Vol. 12, pp.

193-203, 2015.

40. Mao, Y., Yu, K., Isakov, M. S., Wu, J., Dunn, M. L., et al., “Sequential

Self-Folding Structures by 3D Printed Digital Shape Memory

Polymers,” Scientific Reports, Vol. 5, Paper No. 13616, 2015.

41. Bakarich, S. E., Gorkin, R., and Spinks, G. M., “4D Printing with

Mechanically Robust, Thermally Actuating Hydrogels,” Macromolecular

Rapid Communications, Vol. 36, No. 12, pp. 1211-1217, 2015.

42. Bodaghi, M., Damanpack, A., and Liao, W., “Self-Expanding/

Shrinking Structures by 4D Printing,” Smart Materials and

Structures, Vol. 25, No. 10, Paper No. 105034, 2016.

43. Zhang, Q., Yan, D., Zhang, K., and Hu, G., “Pattern Transformation

of Heat-Shrinkable Polymer by Three-Dimensional (3D) Printing

Technique,” Scientific Reports, Vol. 5, Article No. 8936, 2015.

44. Zhang, Q., Zhang, K., and Hu, G., “Smart Three-Dimensional

Lightweight Structure Triggered from a Thin Composite Sheet Via

3D Printing Technique,” Scientific Reports, Vol. 6, Paper No.

22431, 2016.

45. Ge, Q., Sakhaei, A. H., Lee, H., Dunn, C. K., Fang, N. X., et al.,

“Multimaterial 4D Printing with Tailorable Shape Memory

Polymers,” Scientific Reports, Vol. 6, Paper No. 31110, 2016.

46. Baghani, M., Naghdabadi, R., and Arghavani, J., “A Semi-

Analytical Study on Helical Springs Made of Shape Memory

Polymer,” Smart Materials and Structures, Vol. 21, No. 4, Paper No.

045014, 2012.

47. Westbrook, K. K., Mather, P. T., Parakh, V., Dunn, M. L., Ge, Q., et

al., “Two-Way Reversible Shape Memory Effects in a Free-Standing

Polymer Composite,” Smart Materials and Structures, Vol. 20, No.

6, Paper No. 065010, 2011.

48. Meng, H. and Li, G., “A Review of Stimuli-Responsive Shape

Memory Polymer Composites,” Polymer, Vol. 54, No. 9, pp. 2199-

2221, 2013.

49. Raviv, D., Zhao, W., McKnelly, C., Papadopoulou, A., Kadambi,

A., et al., “Active Printed Materials for Complex Self-Evolving

Deformations,” Scientific Reports, Vol. 4, Article No. 7422,

2014.

50. Kokkinis, D., Schaffner, M., and Studart, A. R., “Multimaterial

Magnetically Assisted 3D Printing of Composite Materials,” Nature

Communications, Vol. 6, Article No. 8643, 2015.

51. Le Duigou, A., Castro, M., Bevan, R., and Martin, N., “3D Printing

of Wood Fibre Biocomposites: From Mechanical to Actuation

Functionality,” Materials & Design, Vol. 96, pp. 106-114, 2016.

52. Dickey, M. D., “Hydrogel Composites: Shaped After Print,” Nature

Materials, Vol. 15, No. 4, pp. 379-380, 2016.

53. Bootsma, K., Fitzgerald, M. M., Free, B., Dimbath, E., Conjerti, J.,

et al., “3D Printing of an Interpenetrating Network Hydrogel

Material with Tunable Viscoelastic Properties,” Journal of the

Mechanical Behavior of Biomedical Materials, Vol. 70, pp. 84-94,

2017.

54. Bakarich, S. E., Gorkin, R., Naficy, S., Gately, R., and Spinks, G. M.,

“3D/4D Printing Hydrogel Composites: A Pathway to Functional

Devices,” MRS Advances, Vol. 1, No. 8, pp. 521-526, 2016.

55. Gladman, A. S., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L.,

and Lewis, J. A., “Biomimetic 4D Printing,” Nature Materials, Vol.

15, No. 4, pp. 413-418, 2016.

56. Naficy, S., Gately, R., Gorkin, R., Xin, H., and Spinks, G. M., “4D

Printing of Reversible Shape Morphing Hydrogel Structures,”

Macromolecular Materials and Engineering, Vol. 302, No. 1, DOI:

10.1002/mame.201600212, 2017.



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 4, No. 3 JULY 2017 / 357

57. Au, A. K., Bhattacharjee, N., Horowitz, L. F., Chang, T. C., and

Folch, A., “3D-Printed Microfluidic Automation,” Lab on a Chip,

Vol. 15, No. 8, pp. 1934-1941, 2015.

58. Nadgorny, M., Xiao, Z., Chen, C., and Connal, L. A., “Three-

Dimensional Printing of pH-Responsive and Functional Polymers

on an Affordable Desktop Printer,” ACS Applied Materials &

Interfaces, Vol. 8, No. 42, pp. 28946-28954, 2016.

59. Ionita, C. N., Mokin, M., Varble, N., Bednarek, D. R., Xiang, J., et

al., “Challenges and Limitations of Patient-Specific Vascular

Phantom Fabrication Using 3D Polyjet Printing,” Proc. of the

International Society for Optics and Photonics in SPIE Medical

Imaging, DOI:10.1117/12.2042266, 2014.

60. Shaffer, S., Yang, K., Vargas, J., Di Prima, M. A., and Voit, W., “On

Reducing Anisotropy in 3D Printed Polymers Via Ionizing

Radiation,” Polymer, Vol. 55, No. 23, pp. 5969-5979, 2014.

61. Wang, X., Jiang, M., Zhou, Z., Gou, J., and Hui, D., “3D Printing of

Polymer Matrix Composites: A Review and Prospective,”

Composites Part B: Engineering, Vol. 110, pp. 442-458, 2017.

62. Chu, W.-S., Kim, M.-S., Jang, K.-H., Song, J.-H., Rodrigue, H., et

al., “From Design for Manufacturing (DFM) to Manufacturing for

Design (MFD) Via Hybrid Manufacturing and Smart Factory: A

Review and Perspective of Paradigm Shift,” Int. J. Precis. Eng.

Manuf.-Green Tech., Vol. 3, No. 2, pp. 209-222, 2016.

63. Kelbassa, I., Wohlers, T., and Caffrey, T., “Quo Vadis, Laser

Additive Manufacturing?” Journal of Laser Applications, Vol. 24,

No. 5, Paper No. 050101, 2012.

64. Ahn, D.-G., “Direct Metal Additive Manufacturing Processes and

their Sustainable Applications for Green Technology: A Review,”

Int. J. Precis. Eng. Manuf.-Green Tech., Vol. 3, No. 4, pp. 381-395,

2016.

65. Vaezi, M., Seitz, H., and Yang, S., “A Review on 3D Micro-

Additive Manufacturing Technologies,” The International Journal of

Advanced Manufacturing Technology, Vol. 67, Nos. 5-8, pp. 1721-

1754, 2013.

66. Ahn, S.-H., Montero, M., Odell, D., Roundy, S., and Wright, P. K.,

“Anisotropic Material Properties of Fused Deposition Modeling

ABS,” Rapid Prototyping Journal, Vol. 8, No. 4, pp. 248-257, 2002.

67. Gao, W., Zhang, Y., Ramanujan, D., Ramani, K., Chen, Y., et al.,

“The Status, Challenges, and Future of Additive Manufacturing in

Engineering,” Computer-Aided Design, Vol. 69, pp. 65-89, 2015.

68. Choong, Y. Y. C., Maleksaeedi, S., Eng, H., Wei, J., and Su, P.-C.,

“4D Printing of High Performance Shape Memory Polymer Using

Stereolithography,” Materials & Design, Vol. 126, pp. 219-225,

2017.

69. Gross, B. C., Erkal, J. L., Lockwood, S. Y., Chen, C., and Spence,

D. M., “Evaluation of 3D Printing and its Potential Impact on

Biotechnology and the Chemical Sciences,” Analytical Chemistry,

Vol. 86, No. 7, pp. 3240-3253, 2014.

70. Gall, K., Yakacki, C. M., Liu, Y., Shandas, R., Willett, N., et al.,

“Thermomechanics of the Shape Memory Effect in Polymers for

Biomedical Applications,” Journal of Biomedical Materials

Research Part A, Vol. 73, No. 3, pp. 339-348, 2005.

71. Monzón, M., Paz, R., Pei, E., Ortega, F., Suárez, L., et al., “4D

Printing: Processability and Measurement of Recovery Force in

Shape Memory Polymers,” The International Journal of Advanced

Manufacturing Technology, Vol. 89, Nos. 5-8, pp. 1827-1836, 2017.

72. Kim, J. H., Kang, T. J., and Yu, W.-R., “Thermo-Mechanical

Constitutive Modeling of Shape Memory Polyurethanes Using a

Phenomenological Approach,” International Journal of Plasticity,

Vol. 26, No. 2, pp. 204-218, 2010.

73. Ramakrishna, S., Mayer, J., Wintermantel, E., and Leong, K. W.,

“Biomedical Applications of Polymer-Composite Materials: A

Review,” Composites Science and Technology, Vol. 61, No. 9, pp.

1189-1224, 2001.

74. Zarek, M., Layani, M., Cooperstein, I., Sachyani, E., Cohn, D., et

al., “3D Printing of Shape Memory Polymers for Flexible Electronic

Devices,” Advanced Materials, Vol. 28, No. 22, pp. 4449-4454,

2016.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


