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ABSTRACT 

 
Additive Manufacturing can be described as a process to make 3D objects by adding layer upon layer of 

material, the material traditionally being plastics, metals or ceramics, however ‘smart’ materials are now in 

use. Nowadays, the term “3D Printing” has become a much-used synonym for additive manufacturing. The 

use of computing, 3D solid modelling applications, layering materials and machine equipment is common 

to majority of additive manufacturing technologies. Advancing from this 3D printing technology, is an 

emerging trend for what is being termed “4D printing”. 4D printing places dependency on smart materials, 

the functionality of additive manufacturing machines and in ingenious design processes. Although many 

developments have been made, limitations are still very much in existence, particularly with regards to 

function and application. The objective of this short review is to discuss the developments, challenges and 

outlook for 4D printing technology. The review revealed that 4D printing technology has application 

potential, but further research work will be vital for the future success of this technology.  
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4B YAZDIRMA (4D PRINTING) ÜZERİNDE BİR KISA İNCELEME 
 

ÖZET 

 
Katmanlı imalat; üç boyutlu objelerin uygun malzemeler kullanılarak katman-katman inşa edilmesi süreci 

olarak tanımlanabilmektedir. Genellikle kullanılan malzemeler plastik, metal veya seramikler olmakla 

birlikte son günlerde akıllı malzemelerinde bu teknolojide yer aldığı görülmektedir. Günümüzde 

yaygınlaşan bu teknolojide “üç boyutlu yazdırma (3D Printing)” kavramı genel terminoloji olan 

“katmanlı imalat” yerine de kullanılabilmektedir. Nümerik hesaplama yöntemleri, üç boyutlu katı 

modelleme uygulamaları, katman imalatta kullanılan malzemeler, bu işlemlerde yer alan makine 

elemanları/sistemleri katmanlı imalat teknolojilerinin başlıca gereklilikleri arasında yer almaktadır ve gün 

geçtikçe bu alanlarda yeni teknolojik gelişmeler görülmektedir. Bu bağlamda üç boyutlu yazdırma 

kavramının ötesinde ileri düzey teknoloji eğilimi ile yeni bir kavram olan “dört boyutlu yazdırma 

(4D Printing)” teknolojileri günümüzde artık uygulamaya konan yeni nesil bir katmanlı imalat yöntemi 

olarak karşımıza çıkmaktadır. 4D katmanlı imalat; akıllı malzemelere, katmanlı imalat makinelerinin 

işlevselliğine ve imalat yöntemine özgü tasarım süreçlerine bağımlı olarak ilerlemektedir. Bu konuda 

başarılı çalışmalar ortaya konsada hali hazırda imalat/ürün işlevselliği ve uygulamaları konularında önemli 

sınırlamalar bulunmaktadır. Bu çalışmanın amacı 4D katmanlı imalat konusundaki teknolojik gelişmeleri 

ve uygulamada karşılaşılan sınırlamaları göz önüne alan genel bir bakış ortaya koymaktır. Çalışma 



Khan vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY  2:2 (2018) 59-67 

 

60 

sonucunda bu konuda faydalı literatür bilgileri toparlanmış ve 4D katmanlı imalat uygulamalarının ileri 

düzey imalat teknolojileri içerisinde yer alması için umut verici bir potansiyele sahip olduğu ancak bu 

konuda daha çok araştırmanın yürütülmesi gerekliliği vurgulanmıştır. 

 

Anahtar Kelimeler: Katmanlı İmalat, 3B Yazdırma, 4B Yazdırma, Akıllı Malzemeler  

 

1. INTRODUCTION 

In the late 1980s, the great achievements were made in the field of what has later become known as additive 

manufacturing with many of the first additive manufacturing processes being introduced 

commercially [1-3]. Additive Manufacturing is a process used to build up 3D components or objects by 

adding layer-upon-layer of material, the material being plastics, metals or ceramics. The use of computers, 

3D solid modelling software (Computer Aided Design (CAD)), layering of materials and operation of 

machine equipment are all common to additive manufacturing technologies. Additive manufacturing has 

vast application in many fields from the development of prototype [4, 5] through to the fabrication of living 

biological structures [6-9]. Additive manufacturing has many benefits but one problem is that the majority 

of fabricated components are static and inanimate with the exclusion of moving assemblies [10]. Additive 

manufacturing (or 3D printing technology) has been the driving force behind the manufacture of many 

materials for particular applications, however, one group of materials being developed recently are smart 

materials, being used to give rise to the new trend of “4D printing”. Due to recent developments in 

multi-materials fabricating, for example using Poly-Jet process (Stratasys Ltd) and printing of functionally 

graded metal parts by using selective laser melting (SLM Solution), significant development is forecast for 

the success of 4D printing. According to statistical analysis in 2018 the market of additive manufacturing 

grew 28.6 percent to US$ 12.8 billion [11]. This promising market opportunity highlights the change in 

attention to focus on the research necessities for 4D printing technology and related applications in related 

scientific and industrial areas. This is the main motivation of this short review. 

 

2. DEFINITION OF 4D PRINTING 

 

Although smarts materials are used in many research areas, it is difficult to describe an exact catch-all 

introduction for smart materials [12]. Leo [13] defines them as “smart materials are those material which 

convert thermal energy into mechanical work”. According to Varadan et al. [14] smart materials are those 

materials which can change material properties or shape in response to the external environment. The use 

of smart materials in 3D printing technology has given rise to the introduction of 4D Printing, attracting 

much interest since 2013 when the idea was first presented [4, 15]. At its core, 4D printing is dependent 

upon the smart material, additive manufacturing technologies and design [16]. 4D printing has many 

benefits over 3D printing in several features [17]. The earliest definition of 4D printing was that it was equal 

to “3D printing” plus “time” [2, 3, 4, 18-21]. A more detailed 4D printing definition is presented following 

a number of studies which is “process of fabrication of objects with smart materials which are better than 

3D printing materials in term of shape, properties, and functionalities”. The basis for 4D printing and the 

core disparity between 3D printing and 4D printing can be demonstrated in the schematic in Figure 1. 

In recent developments of additive manufacturing technology, there are two main matters which directly 

affect the future of 4D printing. 1) What does 4D printing offer? 2) The recent advancement in additive 

manufacturing and continuing development in smart materials indicates that there are now more prospects 

for the future potential of the technology to be exploited. Anna Balazs made a research on 4D printing, 

describes the use of 4D printing materials that can transform themselves due to external stimuli [22].  

  



Khan vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY  2:2 (2018) 59-67 

 

61 

 

 

 

 

 

 

 

Figure 1. The core disparity between 3D and 4D printing [15]. 

 

3. DEVELOPMENTS IN 4D PRINTING 

 

Recently, many developments have been made by the researchers active in the 4D printing area. Some of 

these developments include the shape-shifting behaviour of parts, material structures and response to various 

stimuli, all considered in 4D printing applications and simulated through mathematical modelling of the 4D 

printing process. 4D printed material related developments are discussed in this section. There are two 

categories for recently developed 4D printing materials: single and multiple materials / composites. 

 

3.1. 4D Printing of Single Material 

 

In achieving the required response, how ‘smart’ a material is will play an important role for printed 

structures or product sub-parts that may consist of a single or a mixture of smart and conventional materials. 

Self-adaptability, self-sensing, shape memory and multiple functionalities are the qualities that are sought 

of smart materials [23, 24, 68]. Recently developed 4D printed materials include shape memory alloys 

(SMAs) [25-27], shape memory polymers (SMPs) [42, 43] and enhanced smart nanocomposites [28]. 

Piezoelectric materials are another important type of smart material. It produces an electrical voltage when 

practicing an external load and vice versa [28-30]. The applications for piezoelectric materials include 

energy gathering [28, 31-33], actuators [28, 30-32, 34], and transducers [30, 31, 34]. Making a complex 3D 

structure with a piezoelectric polymer material is very difficult to achieve; there is a need to improve the 

manufacturability of piezoelectric polymer material so that this material will have potential in the various 

application fields which require nano scale piezoelectric polymer materials such as bio diagnostic 

implement and imaging systems [28]. 

 

The core of the shape memory effect (SME) is direct transformation of thermal energy into mechanical work 

which can be done by SMA material [35]. Transformation occurs in the SMA in two different phases; low 

and high temperature phases. When the SMA changes its shape, or deforms during the low temperature 

phase and reverses it shape during the high temperature phase, the shape memory effect can be seen [35-37]. 

When the SMA material transforms its shape, during the mechanical action super-elasticity can be 

observed [35]. This property is also known as the mechanical memory of the material. Nickel-titanium 

(NiTi) is a good example of a SMA having both of these properties [26, 27]. In the NiTi SMA material, a 

variation in Ni/Ti ratio can change the transformation temperature [26, 38-40]. NiTi SMA material, a many 

application in engineering fields based on its functional properties [26, 27, 40] such as biomedical implants 

[39, 40], micro-electromechanical systems and electrical devices [41]. 
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SMPs are also single smart materials. These smart materials have unique designed properties which are 

stimuli-responsive, so can transform their shape by the application of external impulses such as temperature, 

moisture, magnetic field, and light etc. [42, 43]. These smart materials have some drawbacks when 

compared with SMAs [43], including low strength, low working temperature and low young’s modulus. 

Advantages of SMP smart materials includes low cost, low density, and easily controllable working 

temperature. 

 

3.2. 4D Printing of Multiple Materials 

 

The existence of the 3D additive manufacturing technology is an important factor for designing components 

with multiple materials. For fabrication in multi-material, the Polyjet 3D printing application is one of the 

most advantageous technologies used. Some examples of 4D printed multi-material printing are discussed 

in this section. 

 

Actuators are an important type of 4D printed multi-material component, used for the development of soft 

robots. Traditionally, hard materials (metals, ceramics, and some hard plastics) are used to develop the 

robots [44, 45]. The drawback of these robots manufactured with such materials is that they are therefore 

not suitable for all applications, as it is not possible to get large structural deformation [44, 46]. Due to these 

types of problems, the concept of soft robotics has been introduced in this field. In this field, some attempts 

are made to build the qualities of natural organisms in robots by using soft smart materials [44, 47]. 

Electroactive polymers (EAPs) are an example of soft-smart materials [44, 45]. These materials can 

transform electrical energy into mechanical work [44, 48].  

Self-progress materials are another example of 4D printed multi-material.  Self-progress materials are those 

which, when exposed to water, transforms into their pre-designed shape [47]. Self-progress materials are 

made up of hydrophilic polymers which absorb water and achieve a larger volume (usually twice the original 

volume). Three different types of self-progress structures have been developed [47], indicating that these 

structures have a great potential for application in many fields such as in energy, biosensor and military 

applications. 

 

Active origami is also an example of 4D printed multi-material. These materials provide great insight about 

how to compact large objects into small volumes. Traditionally, origami was used for cartons, airbags for 

automobiles and photovoltaic solar cells with shape converting ability [49]. According to definition, origami 

objects have the self-ability to fold and unfold. Use of multi-material technology to create printed active 

parts and check their ability is one of the useful achievements in 4D printing of active origami [19]. Here it 

should be highlighted another research area that is shape recovery of active origami or controlled sequential 

folding. Production of SMPs with controlled sequential shape recovery features is recent research done by 

Yu et al. [43].  

 

Recently, the 4D bio-printing concept or laser assisted bio-printing has been introduced [50]. There is an 

increase in demand of transplantable organs and this cause a shortage [6, 8, 51]. To generate one or more 

biological functions, the use of material transfer/transport processes for designing and assembling 

biologically connected materials (cells, molecules, tissues, and biodegradable biomaterials) with given 

arranger is known as bio-printing [8]. The main advantages of bio-printing includes great precision in 

locating the unlike cells and appropriateness to produce high cell density tissue [8, 52]. The additive 

manufacturing of smart hydrogels is another category of 4D bio-printing [53]. This material has an ability 

to retort to external stimuli such as electrical signals, light, temperature, pH, and magnetic field.  
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4. THE CHALLENGES AND OUTLOOK FOR 4D PRINTING 

 

4D printing has a very bright future because this is a new area of research and has the potential to solve 

number of industrial issues. Although this technology has many benefits, the challenges associated with 

successful implementation and application are also acknowledged. These challenges could be technology 

related, materials related or design related. 

 

In the technology related limitations, the inadequate availability and suitability of manufacturing technology 

is a major challenge in the 4D printing field. For 4D printing, only two 3D printing technologies named as 

Poly-jet technology for produce multi-material parts and selective laser melting (SLM) technology for 

producing metallic components are being used. Due to this challenge, only few types of smart materials are 

available in 4D printing field. 

 

Oxidation and changes in the phase transformation behaviour, microstructural defects, rapid solidification 

and directional cooling can be counted as some of the problems due to the smart materials properties [54]. 

More research will be required in the field of smart material to handle these types of issue as these would 

challenge the successful improvement of 4D printing. 

 

The design of smart components is one of the most significant issues that face the field of 4D printing. 

Actuators are good examples of a smart part. For an actuator to work properly, the membranes must be in a 

pre-strain state. Unfortunately, no current additive manufacturing technology is available to fabricate pre-

strained membranes directly. Therefore, more research will be needed to develop this type of technology 

for the future implementation of 4D printing for such applications.  

 

5. APPLICATIONS of 4D PRINTING 

 

4D printing has vast applications in many fields, most especially in biomedical applications. Momeni et al. 

underlines that in many practices, 4D printing can has significant advantageous in directly producing 

complicated 3D parts [15].Here the most important point is that producing lower-dimensional less complex 

object would provide easy, fast produced components with lower manufacturing costs. Furthermore, the 

storage and transportation of lower-dimension components would be promising. However, current 

technology come across with some limitations in 4D printing applications because of unsatisfied single 

material properties or material combinations. Here, studies on 4D printed artificial muscles can be a good 

example. In these type of studies desired performance and functions of the muscles are considered as 

insufficient as some of properties belong to the materials used in printing operations should be 

improved [55, 69]. Therefore it would not be wrong to say that advances of the 4D printing technology is 

directly related to advances of the smart materials and material adaptation to the 4D printing devices. Some 

of the leading applications of 4D printing are summarized in Table 1. 
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Table 1. 4D printing applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. CONCLUSION  

A short review on 4D printing technology has been presented in this paper. The developments in 4D printing 

were grouped as: 4D printing of unique smart materials (shape memory alloys, smart nanocomposites, and 

shape memory polymers); 4D printing of multiple material (actuators, self-progress structures, and active 

origami); and 4D bio-printing. The divergence between 4D of single/unique smart material and 4D printing 

of multiple materials was also discussed which is based on the limiting factor of changes. The restricting 

factor of 4D printing of single/unique materials is the smartness of single/unique smart material components 

and restricting factor for 4D printing of multi-material is the range of changes in multi-material parts. 

The challenges and outlook for 4D printing was also discussed. In short, it would not be wrong to say that 

more research is vital for the future of 4D printing. This short review contributes to further research into the 

usage of 4D printing as a developmental step of additive manufacturing for application in related industrial 

areas. 

Year Researcher 4D Printed Structure Applications

2016 Ge et al. (56) Smart Gripper Applied in drug delivery system

Used as switch b/w two different

dynamic states 

For soft robots

Used as reversible shape-shifting

connectors

2016 Nadgorny et al. (62) Smart Valve Control the acidic and basic flow

2016 Wu et al. (63) Smart Structure
Smart hoot, smart trestle and smart

insect-like

2015 Bakarich et al. (64) Smart Valve Control the hot and cold flow 

2015 Kokkinis et al. (65) Smart key-lock connectors

Used as a physical connection b/w

biological components in the body

such as tendons and muscle

2014 Tibbits et al. (21)
Artificial Crambin Protein 

Structure
Solution for biomedical problems

2014 Ge et al. (66) Origami Structures Storage and Transportations

2014 Raviv et al. (47) Smart Joints
Used in other structures in practice

like prosthetic finger

2013 Villar et al. (67) Droplets network Used as tissue engineering substrates

2016

Ge et al., Bodaghi et al., Zarek et al., 

and Wei et al.                                     

(56-59)

Slent Expand human vessels

2016

 Bodaghi et al., Zhang et al., Jiang 

and Wang                                                   

(57, 60, 61)

Adaptive Meta-materials
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