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A B S T R A C T   

Excellent biocompatibility, flexibility and shape memory features of polyurethane (PU) have attracted great 
attention to produce various objects for particular applications in biomedical and electronic fields. The objects 
with complex geometry in possession of shape memory effect (SME) are arduous when being fabricated by 
conventional manufacturing methods such as extrusion and injection moulding so that 3D or 4D printing can be 
offered to overcome this drawback. Neat PU has several material demerits, especially its mechanical strength. 
The incorporation of the reinforcements, namely fibres, nanoparticles and other polymers, can be achieved to 
improve mechanical strength, shape memory capability, thermal and electrical conductivities of PU. The most 
interesting performance of printed structures from smart PU composites lies in a wide range of glass transition 
temperature allowing these innovative materials to recover to their initial shape after being deformed. Such an 
ability has improved the materials’ usefulness, particularly for tissue scaffolds, flexible sensors and wearable 
devices. This review provides a holistic investigation of the current states of PU composites for 3D printing and 
shape memory PU (SMPU) composites for 4D printing, respectively along with their use, sustainability and SME 
for enormous future potential.   

1. Introduction 

3D printing technology commenced being developed in 1987 [1], 
and it then attracts researchers, governments, and industries to apply 
this technology to fabricate various objects based on 3D models with the 
aid of computer-aided design (CAD) software. This initiative is induced 
by several advantages based on 3D printing when compared with 
traditional manufacturing methods such as extrusion and injection 
moulding. Such a technology may manufacture a 3D structure with a 
complex geometry, which, however, is very difficult to be created by 
conventional injection moulding [2]. Besides, it is based on additive 
manufacturing technology that builds an object by depositing the 
feedstock materials layer by layer for waste reduction [3]. This char-
acteristic contrasts with subtractive manufacturing like computer nu-
merical control (CNC) machining, which processes a component by 
reducing the used material. 

However, 3D printing cannot entirely replace traditional 
manufacturing because it has several issues related to printing speed, 

surface finish and mechanical properties of printed parts. The fabrica-
tion process of this technology is relatively slow as opposed to extrusion 
and injection moulding, and thus it may not be suitable for large-scale 
production [4]. The printed parts produced by 3D printing typically 
possess a rough surface caused by staircase effect [5]. Concerning this, 
Nanyang Technological University has developed the stepless rapid 
prototyping (SRP) [6], which is implemented to the 3D printing setup in 
order to reduce staircase effect, as well as to improve surface finish and 
dimensional accuracy of printed parts. 

3D printing involving time, stimuli, programming and smart mate-
rials can be further transformed into 4D printing [7]. The term time here 
does not correlate with the manufacturing time of parts. Instead, it in-
dicates that the printed parts continue to change over time after the 
manufacturing process [8] and further recover their original shape when 
subjected to external stimuli such as heat, applied loads, light, pH level, 
evaporation, magnetic and electrical fields [9]. This viewpoint has been 
supported by Pei [10] mentioning that conventional 3D printing enables 
to produce a static object. Whereas 4D printing combines carefully 
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designed geometries with accurately controlled deposition of active 
(smart) materials inducing shape change under external stimuli. The 
term programming refers to the shape-setting of printed parts, in which 
the 3D printed part enables to be deformed by an external force under a 
particular external stimulus (e.g. heat, light, magnetic and electrical 
fields) [7,8]. The basic concept of 3D or 4D printing is presented in 
Fig. 1. 

One of popular raw materials used as the feedstock material for 3D 
printing is polyurethane (PU). This material belongs to a family of 
polymers created through the reaction of diisocyanate, oligodiol (i.e. 
polyol or macrodiol) and a chain extender (diamine or diol) [11,12]. 
Oligodiol forms the soft segments while the isocyanate and the chain 
extender build the hard segments. The separation between soft and hard 
segments, known as microphase separation, produces the elasticity to 
PU. Besides, it also determines PU properties such as mechanical prop-
erty, hydrolytic resistance and thermal stability [13,14]. The modifica-
tion of these segments results in the variation of tensile and elastic 
properties of this material. 

Polyurethanes (PUs) are available in several different forms (i.e. 
thermoplastics, thermosets, foams, elastomers and fibres) [15]. In 
particular, thermoplastics and thermosets can exhibit SME, which is well 
known as shape memory polyurethane (SMPU). The primary difference 
between SMPU and conventional PU lies in their various ranges of glass 
transition temperature (Tg). SMPU possesses a wider range of Tg so that 
when this material is cooled from above to below Tg under a mechanical 
load, the material shape is deformed. Additionally, this load is locked 
into the polymer even though it has been removed. By implementing an 
external stimulus, namely heating above Tg, this material may recover 
its initial shape. 

Both PU and SMPU have excellent flexibility and biocompatibility to 
meet specific requirements of tissue engineering as biodegradable 
scaffolds [14,16–22]. However, they also have typical drawbacks such 
as weak thermal stability and slow reaction rate. Concerning this, a new 
approach has been introduced to create phenolic resin/PU copolymers 
by incorporating oxazine and urethane groups in one molecule. This 
approach has been successful in improving thermal stability and tensile 
strength of such copolymers [23]. Besides, it is also worth mentioning 
that the use of isocyanates in PU production entangles hazardous and 
toxic phosgene, and the manufacturing process of these monomers in-
volves safety devices and enormous investments. Non-isocyanate poly-
urethanes (NIPUs), when derived from five-membered cyclic carbonates 
produced via a simple reaction between epoxides and carbon dioxides, 
may be offered to yield PU by meeting the requirements related to the 
environmentally benign and safe processes [24]. 

The work concerning PU and SMPU has been available in many 
different studies mentioned previously [25–28]. However, the number 

of review articles that focus on using these materials for 3D or 4D 
printing along with their sustainability is still rarely seen. Moreover, a 
comprehensive discussion related to some extraordinary properties of 
PU and SMPU composites such as biocompatibility and flexibility is 
required by medical world to produce tissue scaffolds, flexible sensors, 
actuators and wearable devices in order to help people with disabilities 
or amputation on their body organs like hands and legs due to accidents. 

This paper aims to fulfil those requirements and mainly concentrate 
on the current state and future trends of PU composites for 3D printing 
and SMPU composites for 4D printing accordingly. Besides, it also dis-
cusses the sustainability of PU for 3D printing, mixing methods to pro-
duce the feedstock materials for 3D printing and the properties of 
printed parts. This review starts with the characteristics of PU and the 
concepts of 3D or 4D printing. An overview with respect to PU com-
posites for 3D printing and SMPU composites for 4D printing is further 
elaborated. It is then followed by feeding stock material preparation for 
3D or 4D printing consisting of purification, dehumidification and 
mixing processes. The sophisticated processes of 3D printing of PU 
composites and 4D printing of SMPU composites, involving composite 
micromechanics concepts in the microstructures and properties of the 
printed parts, are exclusively covered. Finally, the applications of 3D or 
4D printing of PU and SMPU composites are detailed along with the 
summary, challenges, and future trends applied in 3D or 4D printing of 
PU composites. 

2. General-purpose, biodegradable and sustainable 
polyurethane (PU) 

PU is one of such essential polymers possessing unique properties 
ranging from liquid, soft, and rubbery solids to rigid thermosets and 
thermoplastics. These properties are fundamental aspects relating to 
shape memory properties. PU has been widely implemented in various 
applications including structural foams [29,30], coatings [31,32], ad-
hesive [33], fibres [34] and biomaterials [35,36] owing to its remark-
able abrasive resistance, low-temperature flexibility, high toughness, 
excellent corrosive resistance and a wide range of available mechanical 
strengths [37]. 

2.1. General-purpose polyurethane (PU) 

The first PU, called Perlon U, was made from 1,6-diisocyanatohexane 
and 1,4-butanediol (BDO) by Professor Otto Bayer in 1937, who was 
well recognised as the “father” of PU industries [38]. This work was 
focused on the fabrication of fibres and flexible foams with excellent 
properties. PUs based on 1,5-diisocyanate and polyester resin were 
utilised to reinforce the military aircrafts in order to enhance their 

Fig. 1. Basic concept of (a) 3D printing and (b) 4D printing.  
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strength and performance. The PU products were commercially avail-
able and initially developed very fast in the 1950s. These products were 
typically used as foamed materials as well as elastomers, and their 
commercial applications have grown dramatically over the past 70 years 
[34]. 

PU is formed through a reaction between isocyanate functional 
groups (NCO) and hydroxyl (OH) groups of polyols. The name of this 
material is associated with the resulting urethane linkage [39]. The 
forming reaction of PU is exothermic where this reaction releases the 
energy via heat or light, as illustrated in Fig. 2. In this chemical reaction 
formula, isocyanate and polyol groups, which are written as Riso and 
Rpolyol, are derived from isocyanate monomers and polymer components, 
respectively. To achieve sufficient elasticity, soft polyols typically have a 
molecular weight ranging from 400 to 6000 g mol− 1 while hard seg-
ments (i.e., diisocyanate and chain extender) contain less than 50 wt% 
[40]. However, another study revealed that with a much higher mo-
lecular weight of 32,000 g mol− 1 for poly (dimethyl siloxane) (PDMS) of 
soft segment oligomers and 2–5% hard segments, such a composition 
yielded excellent elastomeric property (i.e. 300-600% strain at break) 
[40]. It could be induced by the remarkable improvement in phase 
separation between hard and soft segments of PDMS PUs/polyureas and 
the chain entanglement of PDMS. Four different forms of PUs, namely 
thermoplastics elastomers, thermosets, foams and fibres along with their 
general-purpose use, are further discussed to provide the fundamental 
knowledge of such materials. 

Thermoplastic polyurethane (TPU) elastomer is one of popular PUs 
consisting of soft and hard segments in an alternating manner (Fig. 3). 
The soft segments with a low glass transition temperature (Tg) build the 
continuous matrix for low-temperature flexibility. Whereas the hard 
segments in possession of relatively high Tg tend to self-assemble into 
domains via crosslinks. These domains commonly become reinforcing 
fillers in the continuous matrix with a low Tg and enhance the material 
properties such as mechanical strength, solvent resistance and thermal 
performance [34]. The physical crosslinks are typically reversible in 
nature, which means that above Tg, both soft and hard segments appear 
to be soft in the formation of a homogeneous mixture. This unique 
characteristic is generally attributed to its morphological structures 
created by corresponding particular chemical structures and processing 
conditions. Hence, it is crucial to understand the structure-property 
relationship of TPU to further develop this material along with the 
future potential to biomedical and electrical applications. 

Thermoset PU is derived from a soft solid or thick liquid prepolymer 
or resin. This resin is changed into an insoluble polymer network 
through a curing process induced by heat or by mixing with a catalyst. 
Dissimilar to TPU that can be melted, thermoset PU does not soften or 
melt when heated. However, it also consists of two major parts, which 
are known as soft and hard segments. Soft segments are made up of 
polyol while the hard segments comprise reacted diisocyanate and chain 
extender [41]. When compared with TPU, thermoset PU possesses better 
heat and abrasive resistance, higher hardness and ability to hold a 
higher load. Nevertheless, it is less durable than TPU, and cannot be 
reformed, which may restrict its widespread applications in 
manufacturing industries. The great efforts have been made to overcome 
this drawback, such as the development of thermoset PU composites to 
yield better durability and elasticity. 

PU foam can be found almost everywhere because of its broad ap-
plications in many areas of electronics, building and biomedical engi-
neering, etc. This material possesses better properties than other 

polymeric foams, as exemplified by low density and thermal conduc-
tivity. Such properties make PU foam a suitable material candidate for 
thermal and insulating applications [42]. The growing interests in 
electronics like computation, communication and automation have 
enhanced the electromagnetic interference (EMI) leading to pollution. 
PU foam composites used as EMI shielding successfully reduced this 
pollution level [43]. Besides, this material also possesses an excellent 
sound absorption property in order to meet the building requirements 
especially for theatres, sound studios and offices [44]. Even though this 
material offers many advantages, several limitations are still worth 
mentioning. For instance, the biostability of PU foam becomes a typical 
issue due to its instability in water and oxygen environments. Never-
theless, this problem may be overcome with the use of polysiloxanes and 
polyolefins [45]. Another drawback lies in high dependence on petro-
leum for the production of PU foam with the compliance of strict reg-
ulations. As such, renewable raw materials and improved manufacturing 
technologies like 3D printing could be a viable solution to tackling such 
a problem. 

PU fibres are considered as synthetic fibres made from a long-chain 
synthetic polymer with the inclusion of at least 85% segmented PU [46]. 
A unique property that differentiates this material from other 
human-made fibres is a combination of a high degree of an extension, 
which is followed with its ability to restore its original length quickly. 
PU fibre is similar to rubber with several advantages such as better 
strength, higher resistance to abrasion, bending and aging, lower density 
and better dyeability. Besides, it also has a large modulus and a high 
degree of highly elastic restoration to allow for the creation of fabrics 
with a large form-stability [47]. These characteristics are crucial in the 
use of textile articles. Therefore, this material is utilised to fabricate 
sporting clothing (e.g. ski suits and swimsuits), orthopedic hosiery and 
objects of feminine clothing. However, PU fibres are quite sensitive to 
high temperature. Even though it is resistant to the action of organic 
acids or dilute mineral at normal temperature, it can degrade to a greater 
or less extent upon heating [47]. The progress in the processing of 
synthetic fibres is anticipated to accelerate the development of new 
fabrics and technical articles by implementing unique characteristics of 
PU fibres. 

2.2. Biodegradable and sustainable PU 

Biodegradable polymers that are chemically synthesised like PU offer 
numerous advantages as opposed to natural macromolecules in relation 
to their processing, applications, and industrialisation. Besides, me-
chanical, physicochemical, and functional properties, as well as biode-
gradability of these materials may be precisely tailored by changing the 
synthetic strategies and conditions in order to meet specific application 
requirements [48]. 

Biodegradability of the material is necessary for specific applications 
such as biomedical engineering due to its connection with living or-
ganisms like human and animal bodies. For instance, raw materials used 
for tissue engineering and drug release systems [49] should degrade in 
physiological environments at a particular time after those materials 
have accomplished their tasks. Otherwise, they must be ejected from the Fig. 2. Chemical reaction of urethane production.  

Fig. 3. Chemical structure of TPU.  
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body to prevent any adverse effects (e.g. infection, poisoning or injuring 
internal organs) that may harm human or animal lives. The in vivo 
degradation rate of PU is primarily governed by the hydrolysis of ester 
groups leading to degradation products of α-hydroxy acids [50]. The 
hydrolysis of urethane groups in hard segments produces urethane and 
urea fragments with terminal acid groups, which occurs at a slow rate, 
and the concentration of acidic degradation products may cause auto-
catalysed degradation, as well as adverse tissue reaction [51]. Overall, 
the chemistry of biodegradable PU should be optimised to meet the 
requirements in terms of biocompatibility, nontoxicity of absorbable 
degradation products, drug release profile and tissue-mimicking me-
chanical properties [49]. 

The term “sustainable” in this review refers to renewable raw ma-
terials for producing PU to replace conventional petroleum-based ma-
terials. Three fundamental reasons spark the replacement action. First of 
all, the quantity of oil decreases year by year due to a significant increase 
in fuel consumption. Secondly, such a material causes environmental 
damage while the application of Green Chemistry principles is highly 
recommended instead [52]. The governments are urged in many coun-
tries to impose stricter regulations relating to the use of petroleum-based 
raw materials. The last reason is the number of renewable materials such 
as lignocellulosic biomass and vegetable oils [53] are abundantly 
available in nature. 

However, the replacement of non-sustainable materials (i.e. 
petroleum-based isocyanates) still becomes quite challenging till now. 
Therefore, most research is dedicated to developing PUs with increasing 
the renewable content with the consideration of using polysaccharides, 
lignocellulosic biomass and natural oils as polyol sources. Lignocellulose 
possesses non-editable property and significant hydroxyl functionality. 
In particular, it has many quantities in nature where these advantages 
promote this material as a renewable means for PU fabrication [54]. 
Such a material comprises cellulose, hemicellulose and lignin as the 
primary compounds among other elements (e.g., tannins, protein and 
ash) despite unequally distributed composition, as well as strong 
dependence on the biomass property [55]. Lignin possesses the reactive 
and hydroxyl-groups characteristics, and it is obtained as a by-product in 
paper and pulp industries. It makes this material appropriate as a po-
tential precursor for PU production [56]. Lignocellulosic biomass should 
be modified to improve the accessibility of hydroxyl groups for steric 
hindrance, and then it further reacts with isocyanate moieties [57]. The 
excellent properties of vegetable oils such as sustainability, non-toxicity, 
easy handling, structural versatility and abundant availability become a 
driving force of their feasibility as polyol sources [48]. Their potential 
can meet the requirements of sustainable development standards as 
feasible alternatives to replacing unsustainable raw petroleum-based 
materials in order to produce renewable and cost-effective PUs [47]. 
The presence of amenable unsaturation and ester groups in vegetable 
oils provides excellent chemical versatility [51] so that it makes them a 
reasonable chemical means for sustainable PU development. 

3. PU composites for 3D printing 

Neat polyurethane (PU) offers a great elongation of approximately 
400%, but it possesses low mechanical strength. Therefore, the rein-
forcement materials such as fibres and particles are utilised to improve 
its mechanical strength. The addition of reinforcements in the PU matrix 
yields PU composites which are required to make 3D structures, namely 
scaffolds, flexible sensors and wearable devices. Some of those struc-
tures are arduous to be made by the conventional techniques, such as 
extrusion and injection moulding in possession of complex geometries 
and voids [2]. Therefore, a new manufacturing technology is desired to 
allow for the fabrication of such structures. 3D printing with its unique 
rapid prototyping characteristics can accomplish this specific task and 
may further reduce waste materials thanks to the built-up structures in a 
layer-by-layer manner [3]. 

Some of the 3D printing techniques used to process PU and PU 

composites are fused deposition modelling (FDM), selective laser sin-
tering (SLS), direct ink writing (DIW) and digital light processing (DLP). 
FDM is a very popular method among all 3D printing techniques since it 
can process various raw materials, which are inexpensive and user- 
friendly [26]. The advantage of SLS lies in no required support mate-
rial when building a structure resulting in the cost reduction of mate-
rials. Besides, SLS produces a part with higher accuracy and better 
surface finish as opposed to FDM [2]. DIW allows incorporating bioac-
tive materials, namely a growth factor, in the feedstock to enhance the 
printed scaffold functionality [17]. Therefore, DIW is employed more 
frequent in biomedical applications. In general, DLP can yield the 
highest accuracy and surface finish compared to FDM, SLS, and DIW. It 
fabricates the 3D objects based on the photopolymerisation process, 
which uses a light projector to project images onto the polymer surface 
[2,25]. It means that DLP could become the best option when the printed 
parts are required to yield high accuracy and surface finish obtained 
from UV-curable resins. Such four techniques, consisting of FDM, SLS, 
DIW and DLP, have unique characteristics that can be applied to create a 
printed part from both PU and PU composites. A summary of PU and PU 
composites used for 3D printing is presented in Table 1. 

The form of PU used in 3D printing can be pellets, powders, fila-
ments, or even in liquid form. FDM typically handles TPU in the solid 
form (i.e., pellets, powders and filaments) according to its processing 
characteristics based on the extrusion method. In this method, PU and its 
composites must be mixed first in a filament extruder to produce a 
composite filament with common diameter sizes of 1.75 or 2.85 mm [58, 
59,66]. Such filaments are then employed as the feedstock materials for 
FDM to build 3D objects. 

PU used for SLS technique should be in the solid form (e.g. powders) 
since this technique is based on the powder bed fusion (PBF) technology 
that applies a laser as the heat source to sinter powdered materials for 
the fabrication of PU composite structures [72]. In this fabrication 
process, the laser movement is directed by machine controller with 
reference to 3D models created using CAD software. 

In DIW printing, PU and its composites should be synthesised in 
order to become the feedstock material for this technique. The primary 
requirement of this feedstock material in ink form is the sufficient ink 
viscosity. The properties of ink such as viscosity must warrant this ink 
can be extruded via a syringe tip and deposited layer by layer onto the 
building substrate [73]. Once the ink exits from a syringe tip, it should 
solidify rapidly to maintain its structure. Otherwise, the structure may 
damage due to the prior layer has not entirely solidified yet when loaded 
by the new layer. 

UV-curable PU resin is used as the feedstock material in DLP since 
this technique works based on a photopolymerisation process and ap-
plies UV light to cure that resin for the production of 3D components 
[74]. Fillers or reinforcement materials may be added in UV- curable PU 
resin to improve the properties of printed parts though it must not 
reduce the curable ability of that resin. One primary challenge for 
photopolymers to be used for DLP technique is associated with their 
viscosity [75]. Photopolymers with too high viscosity give rise to longer 
print time as the best scenario [4], or warpage of printed components as 
the worst scenario [76]. Therefore, the optimum viscosity value is 
required to be obtained so that printed parts can be yielded with high 
accuracy and good surface finish. 

3.1. Preparation of PU composites for 3D printing 

The preparation of PU composites for 3D and 4D printing typically 
consists of three processes: purification, dehumidification and mixing. 
Purification can be interpreted as a separation of a particular component 
from a mixture [77] while dehumidification refers to the decreased 
moisture content in the material and mixing aims to combine some el-
ements into one mass typically based on constituent blending. 

W.T. Nugroho et al.                                                                                                                                                                                                                            



CompositesPartB223(2021)109104

5

Table 1 
Summary of PU material and its composites for 3D printing.  

PU Composites 3D printing technique Ref. 

Type Specification Supplier Type Specification Supplier 

TPU  • Pellet  
• Elastollan 1185A grade of TPU polymer  
• Density: 1.12 g cm− 3  

• Shore hardness: 85A 

BASF Multi-walled carbon nanotubes 
(MWCNTs) 

NC7000 and long 
MWCNTs 

Nanocyl S.A. (Sambreville, 
Belgium) 

FDM [58] 

TPU  • Pellet  
• Pearlthane 11H94  
• Specific gravity: 1.18 g cm− 3  

• Hardness: 95 (shore D)  
• Tensile strength: 42 MPa 

Lubrizol Cork  • Powder  
• Granulometry inferior 

to 0,25 mm  
• Thermal conductivity: 

0.045 W m− 1 K− 1  

• Density: 120–240 kg 
m− 3  

• Thermal diffusivity: 1 
× 10− 6 m2 s− 1 

Corticeira Amorim FDM [59] 

TPU  • Pellet  
• Elastollan 1185A  
• Density: 1.12 g cm− 3  

• Shore hardness: 85A 

BASF MWCNTs  • Powder  
• Nanocyl - NC7000 90% 

purity  
• Average diameter: 9.5 

nm  
• Average length: 1.5 μm 

Nanocyl SA FDM [26] 

TPU Filament Saintsmart Polylactic acid (PLA) Filament Saintsmart FDM [60] 
TPU polyester elastomer  • Powder  

• Semiflex with shore hardness of 95A  
• Filament diameter: 1.75 mm 

NinjaTek, Manheim, 
PA, USA 

Zeolitic imidazolate framework (ZIF) ZIF-8 powder (Basolite 
Z1200) 

Sigma- Aldrich (St. Louis, 
MO, USA) 

FDM [61] 

TPU  • Powder  
• Bayer 2195  
• Melt flow index: 12.1 g/10 min  
• Density: 1.19 g cm− 3 

Bayer Co. Ltd MWCNTs  • Powder  
• NC7000  
• Length: 1.5 μm  
• Diameter: 9.5 nm 

Nanocyl SA (Belgium) FDM [62] 

TPU  • Elastollan TPU C95A  
• Density: 1.24 g cm− 3  

• Tensile stress: 50 MPa  
• Elongation: 550%  
• Hardness: 95A  
• Melting temperature: 200ᵒC 

Deansheng Plastic 
Company, Harbin, 
China 

Wood flour (WF) Size: 150 μm (100 mesh) Lingshou County Mineral 
Processing Plant, Harbin, 
China 

FDM [63] 

TPU HF-4190A Huafon TPU  
Co., Ltd. 

Hexagonal boron nitride (hBN)  • Platelet  
• PN08  
• Average particle size: 8 

μm 

Zibo Jonye Ceramics 
Technology Co., LTD 

FDM [64] 

TPU Shore hardness: 95A ESTANE,W ickliffe, 
OH, USA 

MWCNTs  • Purity content: 90%  
• Diameter in the range 

of 8–15 μm 

Kumho Petrochemical 
Co., Ltd., Seoul, Korea 

FDM [65] 

TPU  • Pellet  
• TPU 5377, with a density of 1.14 g cm− 3  

• Elongation at break: over 700% 

Bayer Company, 
Germany 

PLA microfibres  • Pellet  
• PLA 4032D  
• Density: 1.24 g cm− 3  

• Melt flow index: 7 g/10 
min (210 ◦C, 2.16 kg) 

Nature Works, USA FDM [66] 

TPU  • TPU powder (Bayer 2195)  
• Melt flow 
Index: 17.5 g/10 min (215 ◦C, at a pressure of 10 kg)  
• Density: 1.12 g cm− 3 

Bayer Co. Ltd  • MWCNTs  
• Silver nanoparticle (AgNP)  

• MWCNT NC7000  
• Average length:1.5 μm  
• Nominal diameter: 9.5 

nm  
• 97% purity  

• Nanocyl SA (Belgium)  
• Chengdu Kelong 

Chemical Reagent co. 
Ltd 

FDM [67] 

Poly(ε- polycaprolactone) 
(PCl diol) 
Polyethylene butylene 
adipate (PEBA) diol  

• Mn : 2000 Da  
• Mn : 2000 Da  

• Sigma, USA  
• Greco, Taiwan  

• Isophorone diisocyanate (IPDI)  
• 2,2-bis(hydroxy methyl) propionic 

acid (DMPA)  
• Ethylenediamine (EDA)   

• Evonik Degussa GmbH, 
Germany  

• Sigma, USA  
• Tedia, USA 

Direct ink  
writing (DIW) 

[17] 

(continued on next page) 
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Table 1 (continued ) 

PU Composites 3D printing technique Ref. 

Type Specification Supplier Type Specification Supplier 

TPU  • Powder  
• Luvosint X92A-1 

Luvocom, Germany CNTs  • NC7000  
• The average diameter: 

10–15 nm  
• The average length: 1.5 

μm 

Nanocyl, Belgium Selective laser sintering 
(SLS) 

[68] 

TPU Powder Nanjing Mophene 3D 
Technology Co., Ltd., 
China 

Single-walled carbon nanotubes 
(SWCNTs)  

• SWCNTs TUBALL™ 
material  

• Mean 
Diameter: 1.6 ± 0.6 nm  
• Length: > 5 μm 

OCSiAl SLS [69] 

UV-curable PU resin Possessing a composition as follow: 
45–47 wt% polyurethane acrylate, 
34–36 wt% morpholine, and 15–17 wt% tripropylene 
glycol diacrylate 

Wanhao Precision 
Casting Co. Ltd. 
(Jinhua, China) 

Oil palm empty fruit bunch (EFB) 
fibres  

Szetech Engineering Sdn 
Bhd (Selangor, Malaysia) 

Digital light processing 
(DLP)-stereolithography 
(SLA) 

[25] 

PU resin solution Carima Acryl, CFY063W Carima (Seoul, Korea)  • Polyaniline (PANI)  
• Graphene sheet (GS)  

• Aniline (99%)  
• Density: 25 mg mL− 1  

• The average thickness: 
< 5 nm  

• The size: 2–3 μm  

• Sigma– Aldrich (St. 
Louis, MO, USA)  

• MExplorer Co., Ltd. 
(Ansan, Korea) 

DLP-SLA [70] 

Photo- curable PU Possessing a composition as follows: 
45–47 wt% polyurethane acrylate, 
34–36 wt% morpholine, and 15–17 wt% tripropylene 
glycol diacrylate 

Wanhao Precision 
Casting Co. Ltd. 
(Jinhua, China)  

• Oil palm empty fruit bunch (EFB) 
fibres  

• Graphene nanoplatelet (GNP)   

• Szetech Engineering Sdn 
Bhd (Selangor, 
Malaysia)  

• Sigma Aldrich, 
Darmstadt, Germany 

DLP-SLA [71] 

UV-curable PU resin  • PLA-PUA oligomer (polylactic acid– polyurethane, 
made from acrylate- modified polylactide diol with 
a purity of 99% and Mw: 2000–30000 

Shenzhen Esun 
Industrial Co. Ltd  

• Trimethylolpropane 
trimethacrylate (TEGDMA) 

• Phenylbis (2, 4, 6-trimethylben-
zoyl)-phosphine oxide (Irgacure 
819)  

• Graphene  

• Irgacure 819, green 
powder  

• 1–2 μm in length and 
2–5 nm in thickness  

• Sumda Material 
Technology Co. Ltd  

• BASF Co. Ltd  
• Allightec Co. Ltd. 

DLP-SLA [18]  

W
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3.1.1. Purification and dehumidification process 
PU composites for 3D printing must be dried and sieved to reduce 

their moisture content and remove their impurities according to Li et al. 
[68]. This study used TPU, CNTs and polyamide 12 (PA12) powders as 
raw materials according to SLS technique to fabricate the printed com-
posites. In the preparation of TPU/CNT powders, a Buchner funnel was 
employed to filter TPU/CNT mixture suspension under reduced pres-
sure. Dehumidification, which is known as a drying process, was con-
ducted in a vacuum oven at 50ᵒC for 24 h to lower the moisture content 
of TPU/CNT powders. These powders were then sieved to eliminate 
particles with undesirable sizes [68]. This work implemented two pu-
rification methods including filtration and sieving, as well as one 
dehumidification technique as a drying process. The drying and sieving 
methods were also used by Gan et al. [69] to prepare TPU/SWCNT 
nanocomposites in powder form for SLS printing. 

Other techniques such as evaporation, washing and drying can be 
utilised to purify and lower the moisture content of PU composites. 
Ibrahim et al. [71] employed a vacuum filter and evaporator to remove 
the pulp from the organosolv lignin and separate the organosolv solution 
from the extracted lignin in the lignin extraction process. This organo-
solv solution underwent an evaporation process until the solvent was 
entirely removed. The excess formic acid was eliminated from the lignin 
using repeated washing, and then this lignin was recovered via an 
oven-drying process. 

3.1.2. Mixing process 
Two materials or more with different physical or chemical properties 

that are mixed or combined will form a composite. The mixing method 
affects the filler distribution in the matric in order to enhance the 
composite properties such as mechanical strength, Young’s modulus, 
thermal and electrical conductivities. Additive manufacturing or known 
as 3D printing fabricates a structure layer by layer [78]. Structures 
produced by this technology may be considered as laminate-like meso-
structures, formed as printed paths that are partially bonded and fused 
together. It means that the mixing method has a direct impact on the 
properties of printed parts. Therefore, the mixing method should be 
carefully selected to yield the printed composites with desired proper-
ties, geometries and surface finishes. 

This review partly focuses on PU composites for 3D printing where 
PU acts as the matrix, while other materials such as different polymers, 
fibres, and nanoparticles can become the fillers or reinforcements. To 
combine constituent materials to be a composite requires a mixing 
process to be adapted with the nature of those materials. Accordingly, 
three types of mixing methods consisting of solution mixing, melt mix-
ing, as well as a combination of solution and melt mixing are discussed 
in this paper. 

Solution mixing typically is used to prepare PU composites for 3D 
printing techniques such as direct ink writing (DIW), selective laser 
sintering (SLS) and stereolithography (SLA) [69,71,79]. Eom and Won 
[79] utilised solution mixing to mix PU resin and other materials to form 
PU composite for DIW printing. In this work, PU resin was mixed with 

urea-formaldehyde resin (UF), acetone, formaldehyde, and water to 
form the shell material while polyolefin-based structural fibre was used 
as the core. Shell materials were deposited onto the core material surface 
by using DIW technique to create composite structures. This coating was 
aimed to protect core materials, thus improve bonding behaviour be-
tween the fibres and cement matrix, as well as render the hydrophilicity 
to fibre surfaces. Solution mixing was also employed by Gan et al. [69] 
to blend TPU and single-walled carbon nanotubes (SWCNTs) to produce 
composite powders for SLS printing. At first, SWCNTs were 
pre-dispersed using a wet ball milling process, and then they were mixed 
with polyvinylpyrrolidone (PVP). This mixture was rotated at a low 
speed of 300 rpm to prevent the shear stress in order to break up 
SWCNTs. The dispersion obtained was transferred to a beaker with the 
addition of anhydrous ethanol. Ultrasonication was conducted to ach-
ieve stable SWCNT dispersion, to which TPU powders were then added 
with a continued mechanical stirring for 2 h [69]. 

The fabrication of feedstock materials for SLA printing, derived from 
combined renewable materials (i.e. natural lignin), GNPs and photo- 
curable PU, involves the solution mixing. Lignin is extracted from oil 
palm empty fruit bunch (EFB) fibres through an organosolv process. This 
lignin was mixed with GNPs using a homogeniser for 30 min, and photo- 
curable PU was then added to this solution. The whole process took 
place for 10 min until the particles were homogenously dispersed [71]. 
Su et al. [80] applied solution mixing to blend PU paint with carbox-
ymethyl cellulose (CMC) or silicon oxide (SiO2) nanoparticles in order to 
create PU paint-based composites for 4D printing. The addition of CMC 
or SiO2 particles to the PU paint was followed by a stirring process to 
yield the viscoelastic composite paste for modified FDM. It was deemed 
as a modified FDM since original extrusion nozzle was replaced by a 
digital syringe dispenser so that this technique looked like DIW printing 
[80]. This study offered a simple and inexpensive method to induce SME 
in 4D painting. However, the use of this method is still limited to the 
painting field only. It is anticipated in the next few years that this 
technology can be applied as the warning signs in engineering equip-
ment under the stimuli of heat. 

The melt mixing method uses high-shear extruders or mixers to blend 
raw materials. It takes place above Tg or the melting point of polymers, 
which is typically utilised in FDM. The matrix and reinforcements 
applied in this method are common thermoplastics or elastomers and 
nanoparticles or chopped materials [61,62]. Important equipment 
required in melt mixing is a filament extruder. The extruder used in 3D 
printing for PU composites is typically divided into two types, namely 
single-screw extruder and twin-screw extruder. The superiorities and 
drawbacks of both types are presented in Table 2. 

It is generally understood that a single-screw extruder suits filament 
production with small outputs, medium filament quality and low-cost 
investment. Otherwise, twin-screw extruder becomes the better choice 
particularly for good dispersion of particles/fibres in composite 
materials. 

Melt mixing method has been employed by Tzounis et al. [58] to 
fabricate the filaments from TPU and MWCNTs used for the feedstock 
material in FDM. This study relied on a small-scale twin-screw extruder 

Table 2 
Pros and cons of single and twin-screw filament extruders.  

Parameter Single-screw extruder Twin-screw extruder 

Capital cost low high 
Heat of friction high low 
Usage procedure easy more complicated 
Compounding ability low high 
Assemble and disassemble easy difficult 
Energy consumption low high 
Stay time long short 
Rotary speed low high 
Conveying efficiency low high 
Versatility low high 
Process productivity low high  Fig. 4. The combination of solution and melt mixing process.  
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to perform a melt mixing process by applying extruding parameters such 
as melting temperature of 219–228ᵒC, screw rotational speed of 300 rpm 
and screw length-to- diameter (L/D) ratio of 36, respectively. Similarly, 
Leng et al. [66] and Jing et al. [20] also used a twin-screw extruder to 
mix raw materials consisting of TPU and PLA. The primary distinction 
was that the former took an ordinary TPU as the matrix material and 
employed a twin-screw extruder to prepared composites in a granular 
form. These composite granules were then further melt-extruded by a 
single-screw extruder to create the filaments for FDM technique. 
Whereas the latter selected SMPU, blended with PLA to produce com-
posite structures and identify their shape memory features. A 
single-screw extruder was utilised to perform a melt mixing process in 
order to yield the 3D filaments originating from TPU and cork [59]. At 
first, TPU pellets should be milled and sieved to produce TPU powders. 
These powders were then blended with cork powders and dried in an 
oven to reduce the mixture moisture content. In the following process, 
this moisture underwent melt mixing and extrusion to fabricate the fil-
aments used for FDM. 

A combination method of solution and melt mixing is required when 
PU cannot be combined with their composites directly using either melt 
mixing or solution mixing. Solution mixing is typically employed to 
produce a composite film which is cut into small pieces. Those com-
posite pieces then undergo melt mixing in an extruder to prepare 3D 
filaments, as shown in Fig. 4. 

The combination of solution and melt mixing method is typically 
employed to prepare feedstock materials based on PU composites for 
FDM. Evans et al. [61] applied this method to mix TPU and zeolitic 
imidazolate framework (ZIF- 8) for the production of 3D filaments. TPU 
filaments were dissolved in dimethylformamide (DMF) while stirred to 
make a TPU solution. ZIF-8 powders were added in acetone by bath 
sonication to create a metal- organic framework (MOF) solution. TPU 
solution was then mixed with MOF solution, and acetone content was 
reduced from this mixture via rotary evaporation. This mixture was cast 
onto a dish, and then placed on a hot plate to remove the solvents. The 
composites were dried in a vacuum oven to prepare composite films that 
were further cut into small pieces and loaded into the heating barrel of 
an extruder. In this extruder, composite pieces underwent a melt mixing 
process, and were extruded into 3D filaments. The solution and melt 
mixing process were also used by Xiang et al. [67] to prepare a mixture 
from TPU, CNTs and silver nanoparticles (AgNPs). Nonetheless, TPU 
was in the powder form instead of filament in this work. The nano-
composite sheets prepared in such a process were chopped into small 
granules, underwent a melt mixing process using a single-screw 
extruder, and were extruded into filaments for subsequent FDM 

printing. 
Melt mixing is a simple blending method, which is less complicated, 

expensive and time-consuming than solution mixing despite its low 
homogeneity level for filler dispersion. Filler dispersion in polymer 
matrix affects the properties of composites such as mechanical strength, 
electrical conductivity and thermal conductivity. Therefore, a combi-
nation of solution and melt mixing method is necessary to overcome the 
drawback of the melt mixing process alone. Nevertheless, such a com-
bined method requires more materials (i.e. solvents) and equipment. 

3.2. Microstructure and property of 3D printed PU composites 

PU with its unique characteristics possesses the specific properties 
between plastics and rubbers that are widely used in 3D printing to 
produce some useful parts such as flexible sensors and actuators [81,82]. 
Even though 3D printed PU may have geometric complexity, the lack of 
mechanical strength and functionality may still be a major challenge to 
its widespread applications. To overcome this issue, PU is combined 
with various materials such as particles, fibres and polymers. 

The printed parts result from the combination of PU and other ma-
terials to generate unique microstructures, thus impacting the properties 
of final parts. The relationships between the reinforcement or filler 
content, microstructure and resulting properties are discussed in detail 
in this review. 

3.2.1. Particle reinforced PU composites 
Particle reinforcements are typically used to improve PU matrix 

properties due to their low cost and easy processability with PU via melt 
mixing, solution mixing or a combination of melt and solution mixing. 
The reinforcements using nanoparticles such as CNTs enable to increase 
tensile strength, Young’s modulus, electrical and thermal conductivity 
[58,62,65,67–69]. Whereas another particle like cork may be employed 
to reduce density and thermal conductivity [59]. 

Xiang et al. [62] revealed that the addition of 3 wt% MWCNTs in TPU 
matrix could enhance tensile strength and Young’s modulus of unmod-
ified and modified composite samples up to 39 and 49%, respectively 
(Fig. 5). This improvement might be related to the disentanglement and 
alignment effects. The disentanglement diminished particle agglomer-
ation and improved filler distribution in the matrix so that it increased 
the printed sample elongation. The alignment of each layer resulting 
from FDM process promotes laminate structures, mainly in the longi-
tudinal direction, which is in the same direction as that of tensile load. 
Hence, such an alignment can enhance elastic modulus and tensile 
strength. The surface modification of MWCTs non-covalently by using 
1-pyrenecarboxylic acid (PCA) was aimed to improve 
polymer-nanofiller interactions [83]. Good interaction between polymer 
matrix and nanofillers can occur when the filler’s surface well stick on 
the matrix material’s surfaces to form an excellent unit cell of the 
composites without any presence of voids, overlaps or other defects. 
Two particular methods may be proposed to improve the interfacial 
properties of composites, consisting of covalent and non-covalent 
modifications. Unfortunately, covalent modification often ruins the 
intrinsic structures of nanofillers, resulting in the deterioration of me-
chanical and electrical properties of nanofillers. In contrast, 
non-covalent modification can improve the interfacial interactions 
without damaging the structural and physical characteristics of nano-
fillers [62]. However, another study conducted by Tzounis et al. [58] 
revealed that when the MWCNT content was increased up to 5 wt%, the 
tensile strength of composite samples dropped approximately 72.24%, 
but Young’s modulus was raised 20.17%. The decreased tensile strength 
value may be induced by the weak interfacial strength (adhesion) of the 
interlayer bonds or the existing CNT microaggregates in such high filler 
content levels leading to detrimental defects or stress concentration 
points. 

SWCNT nanoparticles have been applied to wrap TPU, known as 
SWCNT wrapped TPU powders (SWCNT-w-TPU) in order to increase the Fig. 5. Stress-strain curves of TPU/MWCNT nanocomposites [62].  
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electrical conductivity of printed composites via solution mixing process 
[84]. Such a composite solution was used to fabricate a surface porous 
macrostructure with the conductive-segregation microstructure used as 
a flexible piezoresistive sensor via SLS printing [69]. The characterisa-
tion of composite powders was performed by capturing SEM and TEM 
images, as displayed in Fig. 6. Fig. 6a showed that SWCNT-w-TPU 
powders possessed irregular, but relatively uniform shape, which were 
similar to TPU powders. Individually dispersed SWCNT particles were 
adsorbed on TPU powder surfaces, which confirmed that the wrapping 
structure of SWCNT-w-TPU was a key to the creation of conductive 
segregation network structure in the matrix (Fig. 6c). Similar to other 3D 
printing techniques, SLS deposits feedstock materials in a layer-by-layer 
manner [78]. Therefore, when it processes SWCNT-w-TPU powders, 
interfacial TPU melt flows across interfacial SWCNT particles, and then 
coalescences among the adjacent polymer particles. The TPU melt has a 
high viscosity so that near-zero shear stress of melt flow cannot signif-
icantly alter the dispersion morphology of SWCNT particles in the 
printing process. Hence, these particles remained at the particle 
boundaries and built conductive segregated networks. Fig. 6b and 

d displayed the formation of a conductive path of SWCNTs in TPU matrix 
along with a width of 0.1–0.2 μm to be considered as part of conductive 
segregation network [69]. Unfortunately, the whole network structure 
could not be clearly observed solely by using SEM or TEM due to 
enormous size difference between the network and conductive path. 

The effect of SWCNT content on electrical conductivity of printed 
samples using filler wrapped TPU powders was compared with that 
arising from other fillers such as MWCNTs and graphene (GE) (Fig. 7) 
[69]. The additional filler content generated different conductivity ef-
fect for those particles. It could be associated with the electrical perco-
lation threshold of the resulting composites. Conductive percolation 
threshold for TPU/SWCNT composites, TPU/MWCNT composites and 
TPU/GE composites were 0.05, 0.2 and 1 wt%, respectively. Therefore, 
the addition of SWCNTs up to 0.05 wt% dramatically increased the 
electrical conductivity of printed composites. Overall, the electrical 
conductivity of TPU/SWCNT composites was much higher than that of 
TPU/GE composites, and slightly higher when compared with that of 
TPU/MWCNT composites, which was especially true at low filler con-
tents below 1 wt%. Besides, increasing the MWCNT content also 
improved thermal conductivity of TPU/MWCNT composites [58]. Even 
though the observed composite samples exhibited relatively low thermal 
conductivity values (i.e. 0.22–0.55 W m− 1.K− 1), the addition of 5 wt% 
MWCNTs in TPU matrix enabled to enhance the thermal conductivity of 
the printed composites up to 100% as opposed to 3D printed TPU [58]. 

The addition of cork in TPU matrix reduces the density and thermal 
conductivity of neat TPU that suits the specific application like material 
insulation [59]. Fig. 8 displayed the SEM images of the surface and 
cross-section of filaments, in which F- 0 and F-5 indicate the cork con-
tents of 0 and 5 wt%, respectively. Increasing cork content enhanced 
surface roughness of filaments. This trend may be attributed to insuffi-
cient impregnation of cork powders by using TPU. Stepashkin et al. [85] 
suggested that such insufficient impregnation linked to the short resi-
dence time of the mixture (i.e., melted polymer and fillers) in the fila-
ment extruder. The properties of 3D printed TPU/cork composite are 
listed in Table 3. 

The addition of cork generally decreased the density of composite 
materials [86], as indicated in Table 3. The density of neat TPU (0 wt% 
of cork) was 316 kg m− 3 as opposed to 245 kg m− 3 for TPU composites 
reinforced with 5 wt% cork with a typical decline of 22.47%. A similar 
result was obtained by Daver et al. [87] for printed PLA/cork composites 
and by Brites et al. [88] for printed high-density polyethylene 
(HDPE)/cork composites. The decreasing density in printed composites 
could be caused by the presence of voids between the cork and TPU 

Fig. 6. SEM image identified for (a) 0.2 wt% SWCNT-w-TPU powders, (b) TEM 
image of 0.2 wt% SWCNT/TPU printed composites, (c) SEM image of 0.2 wt% 
SWCNT-w-TPU powders surface and (d) SEM image of 0.2 wt% SWCNT/TPU 
printed composites [69]. 

Fig. 7. Electrical conductivity of TPU composites reinforced with different 
fillers [69]. 
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matrix in the composite unit cell with respect to the 3D filament. When 
this filament is extruded and deposited layer by layer onto the build 
platform, other voids may be formed among adjacent layers in the 
similar ply and between layers at different ply (above and below). 
Consequently, the increasing void number lowers the mechanical 
properties of composite structures such as Young’s modulus, compres-
sive strength and toughness. 

Table 4 summarises various particles used to reinforce PU compos-
ites in 3D printing, as well as improved properties of resulting com-
posites. CNTs, mainly MWCNTs, can be considered as effective 

reinforcements in TPU matrix as opposed to other particles due to their 
unique characteristics to improve the properties of pristine TPU such as 
tensile strength, elastic modulus, electrical and thermal conductivities 
[58,62,65,67]. On the other hand, FDM is employed to process TPU 
composites more frequently than other 3D printing methods. It may lie 
in the simplicity of this technique and also its ability to process various 
material successfully in order to facilitate the mixing of different ma-
terials such as TPU and its reinforcements. 

3.2.2. Fibre and polymer reinforced PU composites 
Several fibres such as polyolefin fibres and cellulose nanofibres 

(CNFs), as well as certain polymers like polylactic acid (PLA), 

Fig. 8. SEM images of the filaments: (a) surface of F-0 cork, (b) cross-section of F-0 cork, (c) surface of F-5 cork, (d) cross-section of F-5 cork [59].  

Table 3 
Properties of 3D printed TPU/cork composites [59].  

Property 3D printed 
structure- 
0 cork 

3D printed 
structure − 1 
cork 

3D printed 
structure − 3 
cork 

3D printed 
structure − 5 
cork 

Density (kg⋅m− 3) 316 ± 4 262 ± 4 252 ± 3 245 ± 3 
Thermal 

conductivity 
(W.m− 1⋅K− 1) 

0.049 ±
0.000 

0.047 ±
0.000 

0.047 ±
0.000 

0.044 ±
0.001 

Specific heat 
(J⋅kg− 1⋅K− 1) 

305 ± 7 325 ± 8 320 ± 4 262 ± 11 

Thermal 
diffusivity 
(m2⋅s-1) 

5E-7 ± 8E-9 6E-7 ± 1E-8 6E-7 ± 5E-8 7E-7 ± 4E-8 

Thermal 
effusivity 
(Ws1/2 m− 2 

s− 1) 

69 ± 1 64 ± 1 61 ± 1 52 ± 3 

Young’s 
modulus (kPa) 

2278 ± 83 782 ± 19 711 ± 11 703 ± 19 

Compressive 
stress at 10% 
(kPa) 

169 ± 6 71 ± 1 55 ± 3 22 ± 3 

Toughness 
(J⋅m− 3) 

508 ± 23 316 ± 5 309 ± 6 251 ± 5  

Table 4 
Summary of enhanced properties in 3D printing of PU composites reinforced by 
different particles.  

Method Material 
system 

Optimum 
filler content 

Improvement in properties Ref. 

FDM TPU/cork 5 wt% cork Reducing density and thermal 
conductivity of the printed 
components 

[59] 

TPU/ 
MWCNT 

3 wt% 
MWCNTs 

Enhancing tensile strength, 
strain, and gauge factor (GF) 

[62] 

5 wt% 
MWCNTs 

Improving tensile, Young’s 
modulus, and electrical 
conductivity 

[65] 

5 wt% 
MWCNTs 

Increasing thermal 
conductivity 

[58] 

TPU/ 
MWCNT/ 
AgNP 

3 wt% 
MWCNT/ 
AgNP 

Improving elastic modulus [67] 

SLS TPU/CNT 1 wt% CNTs Enhancing electrical 
conductivity 

[68] 

SLS TPU/ 
SWCNT 

0.05 wt% 
SWCNTs 

Improving electrical 
conductivity 

[69]  

W.T. Nugroho et al.                                                                                                                                                                                                                            



Composites Part B 223 (2021) 109104

11

polyaniline (PANI) and TEGMA have been considered as PU re-
inforcements to improve mechanical properties (i.e., tensile strength 
and flexural strength, elasticity modulus and toughness) of composite 
structures [18,25,66,71,79,89,90]. Other fillers, namely PLA along with 
graphene oxide (GO), hexagonal boron nitride (hBN) and graphene 
sheet (GS) are used to increase thermal stability, thermal conductivity 
and electrical conductivity of printed composites [19,64,70]. 

Mohan et al. [25] used natural fibres, known as cellulose nanofibrils 
(CNFs) originating from oil palm empty fruit bunch (EFB) as the fillers in 
PU matrix to enhance tensile strength of printed composites. CNFs come 
from sustainable materials (i.e., agricultural waste of palm oil mill). This 
waste containing rich lignocellulose that can be processed becomes 
nanocellulose, especially for reinforcing fillers in polymer matrix [91]. 
Nevertheless, CNFs should be treated to improve their compatibility 
with UV-curable PU-based resin since such fibres were used as the 
feedstock materials for DLP printing. Therefore, the surface hydrophi-
licity of CNFs is adapted with polyethylene glycol (PEG) and reduced 

graphene oxide (rGO) to prepare a good mixture in combination with 
UV-curable PU resin. 

The micrographs for the cross-section of printed samples, observed 
by a field emission scanning microscope (FE-SEM), were shown in Fig. 9. 
Fig. 9a indicated the successful cellulose defibrillation where individual 
fibrils possessed a comparable average-diameter range from 5 to 20 μm 
[92]. Conversely, rGO appeared to be a semi-transparent sheet material, 
which became unstable under the TEM observation (Fig. 9b). Disordered 
and unwrinkled structures could be ascribed to the non-removal of ox-
ygen atoms, as well as a high degree of exfoliation during the oxidation 
[93]. Fig. 9c presented the micrograph of PEG/CNF composites with 
respect to the dispersibility of CNFs within PEG matrix. On the other 
hand, Fig. 9d displayed the visible trace of CNFs under a thin layer of 
rGO [94]. The modified CNFs were found to exhibit the stability of 
interfacial agents while remaining as individual fibrils. 

The dispersibility of modified CNFs in UV-cured PU was studied 
using tensile properties of materials, as shown in Fig. 10. The addition of 

Fig. 9. Different micrographs identified for (a) unmodified CNF, (b) rGO, (c) surface-grafted PEG/CNF composites and (d) surface-grafted CNF/rGO [25].  

Fig. 10. Stress-strain curve of UV-cured PU and modified cellulose reinforced with (a) PEG and (b) rGO [25].  
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PEG and rGO to PU containing 1 wt% modified CNFs increased the 
tensile strength by 8.3% and 9.37%, respectively [25]. It might be 
explained by the fact that PEG/CNF and CNF/rGO could facilitate the 
crystallisation process of PU in their composite systems [95]. Graphene 
is a popular carbon-based nanofiller since its layered structures yield 
very large surface areas (up to 2630 m2 g− 1) [96]. Therefore, a lower 
loading of such fillers may promote the properties of composites owing 
to high aspect ratios of fillers [97]. As evidently shown in Fig. 10, it was 
revealed that PU-3%-CNF/PEG composites had higher tensile strength 
by approximately 24% when compared to that of neat PU. PU-3%- 
CNF/rGO composites even possessed an increase in tensile strength by 
37% and 11% when benchmarked against those of PU and 
PU-3%-CNF/PEG composites. Even though the addition of PEG facili-
tated the interaction between hydrophilic CNFs and hydrophobic PU, 
rGO could provide better removal of CNF hydrophilicity, as opposed to 
PEG because of a higher density of carbon atoms on its surface [98,99]. 
rGO may lose natural hydrophilicity of CNFs so that it allowed CNFs to 
disperse well within hydrophobic PU matrix [100]. Meanwhile, the 
loading of 5 wt%% modified CNFs decreased the tensile properties due 
to resulting non-uniform stress transfer when composite samples were 
subjected to tension loading. It appeared that when the filler loading 
reached 5 wt% or above, CNFs tended to aggregate in PU matrix and 
generate more interfacial voids to deteriorate the tensile strength of 
composites [101]. Besides, a higher CNF loading might interrupt the 
curing process of photocurable PU resin, and further affected the 
orientation of printed samples due to insufficient curing. 

In addition to CNFs, polylactic acid (PLA) can be used as the re-
inforcements to improve the tensile strength and elastic modulus of PU 
[89]. Besides, PLA combined with GO enables to enhance thermal sta-
bility [19] and when this polymer is mixed with triethylene glycol 
dimethacrylate (TEGDMA) and graphene, such reinforcements enable to 
increase the flexural strength of PU accordingly [18]. Chen et al. [19] 
employed PLA and GO to reinforce PU matrix and manufactured 
biocompatible TPU/PLA/GO nanocomposites by using FDM. This work 
was intended to produce the printed composite structures with excellent 
biocompatibility to NIH3T3 cells. The printed composites showed a 

great potential as biomaterial scaffolds for tissue engineering 
applications. 

Interfacial toughness of printed composites could be enhanced by 
using synthetic polyolefin fibres as the core and PU resin, as well as urea- 
formaldehyde (UF) resin as the core coating material [79]. It intended to 
enhance the hydrophobicity of synthetic fibre surfaces and improve the 
interfacial toughness of composite structures. Solution mixing method 
as well as DIW and DLP printing were applied to blend the fillers with 
the matrix in order to manufacture resulting composite samples. 

Fig. 11 displays surface images of extracted fibres for three condi-
tions, namely uncoated fibres, PU resin-coated fibres and UF resin- 
coated fibres. In particular, pull-out uncoated fibres encountered 
scratches and severe damages (Fig. 11a). Conversely, for coated fibres 
using PU and UF resin, the fibre surface exhibited less damage (Fig. 11b 
and c). It confirmed that the shell material reduced the degree of damage 
to the core material. When compared to PU, UF could provide a better 
coating to synthetic fibre surfaces, in which it was supported by relevant 
results of bond strength tests, as illustrated in Fig. 12. This figure 
revealed that fibre-reinforced PU composites possessed lower bond 
strength and interfacial toughness relative to plain mixture (Fig. 12a). It 
could be caused by the poor adhesion between polyolefin fibre surfaces 
and PU matrix owing to the existence of voids in composites. Conse-
quently, it reduced both bond strength and interfacial toughness of such 
composites. In contrast, UF fibre treatment was suggested to increase 
bond strength by 134% and interfacial toughness by 147%, as opposed 
to those of plain mixture (Fig. 12b) [79]. It was implied that the com-
bination of UF and synthetic fibres could yield strong interfacial 
adhesion. 

Polyaniline (PANI) can be employed to improve the electrical con-
ductivity of printed composites fabricated by DLP that may be applied in 
biomedical fields such as sensors and antistatic materials in biomedical 
devices [70]. Fig. 13 presents FE-SEM images of printed composites with 
different PANI content. Increasing the PANI content yielded a larger 
area of PANI embedded in TPU matrix leading to intermaterial 
aggregation. 

The aggregation of PANI was associated with strong hydrogen 

Fig. 11. Synthetic fibre surface after bond strength tests: (a) plain fibre (uncoated), (b) PU resin-coated fibre and (c) UF resin-coated fibre [79].  

Fig. 12. Self-healing bonding behaviour of cementitious composites: (a) bond strength, (b) interfacial toughness [79].  
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bonding, London force [70] between PANI chains and dipole-dipole 
[102,103]. The aggregation of PANI disturbed the crosslinking process 
between PU prepolymers [104] so that the maximum content of PANI in 
printed composites was fixed at 6 wt%. The sensitivity of composite 
samples declined with increasing the PANI content. The lowest com-
posite resistance and the highest electrical conductivity of printed 
samples were achieved when the PANI content was 6 wt% (Fig. 14). 

Under this condition, the resistance and electrical conductivity of 
PANI/TPU composites reached 8.57 ⨯ 104 times lower (i.e., 1.19 ⨯ 106 

Ω.sq− 1) and 8.57 ⨯ 104 times higher (9.28⨯ 10− 7 S cm− 1) than those of 
pure TPU accordingly. It indicated that the incorporation of PANI 
nanoparticles enabled to create conductive channels for electron 
delocalisation in TPU matrix [105–107]. 

The effect of printing orientation on microstructures and tensile 

Fig. 13. FE-SEM images of printed composite samples at different PANI contents: (a) 1 wt%, (b) 3 wt% and (c) 6 wt% (Courtesy of the U.S. National Library of 
Medicine) [70]. 

Fig. 14. (a) Resistance and (b) electrical conductivity of printed composite samples (Courtesy of the U.S. National Library of Medicine) [70].  

Fig. 15. Schemes of different orientations with respect to printing and compression tests of specimens: (a) standing specimens, (b) S compressing testing, (c) lying 
specimen and (d) L compression testing. Reprinted with permission from Ref. [19]. Copyright 2017 American Chemical Society. 
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modulus, as well as yield strength of printed structures have been 
investigated by Chen et al. [19]. The orientations of the specimen sub-
jected to printing and compression tests were shown in Fig. 15. The 
printing orientations with the standing specimen (S) and lying specimen 
(L) were illustrated in Fig. 15a and c, respectively. The printing orien-
tation for standing specimen was the same as the height direction while 
for lying specimen it was the same as the width direction. The 
compression testing was applied to both types of specimens in a way 
where the height direction was parallel to the compression orientation 
(Fig. 15b and d). 

The cross-section of the S sample contained multi-layers that were 
packing together. It was observed that a significant number of voids 
appeared between different layers (Fig. 16a). In contrast, for the cross- 
section of the L sample, only a limited number of voids were identi-
fied in one individual layer (Fig. 16b). 

Fig. 17a, b and c revealed that the modulus of S compression for each 
sample was smaller than that of L compression. In L compression, the 
stress underwent a decrease especially in the GO loading range of 0–2 wt 
%, while the samples tended to fail at the final stage. Conversely, the 
stress continued to increase in S compression until the samples failed. 
FDM built the printed samples by depositing materials onto the build 
platform in a layer-by-layer manner. The adhesion between two adja-
cent layers was associated with physical interaction, allowing air to be 
trapped in contact areas among layers so that it caused the voids and 
loosened the packing of layers [19]. The loose packing and the presence 
of large voids between layers in the S compression tests yielded smaller 
compression modulus when compared to those in the L compression 
tests. It confirmed the presence of the effect of the printing orientation 
on mechanical properties, which is also known as anisotropic effect in 
FDM. The incorporation of GO particles in PLA/TPU matrix increased 

Fig. 16. SEM images of diverse cross-sections of different composite samples reinforced with 0.5 wt% GOs: (a) S sample and (b) L sample. Adapted with permission 
from Ref. [19]. Copyright 2017 American Chemical Society. 

Fig. 17. (a) Compression testing curve of L sample, (b) compression testing curve of S sample, (c) compression moduli of S and L samples and (d) tensile modulus at 
different GO loadings. Adapted with permission from Ref. [19]. Copyright 2017 American Chemical Society. 
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tensile modulus of nanocomposite samples. In particular, at the GO 
loading of 0.5 wt%, tensile modulus could be enhanced by 75.50% 
relative to that of pristine PLA/TPU composites (Fig. 17d). However, 
beyond 0.5 wt% GO, both tensile modulus and yield strength decreased, 
possibly resulting from a decrease in the elasticity of polymer matrix. 

The effect of layer thickness and printing orientation of printed 
composites derived from PLA-PU oligomer and TEGDMA and manu-
factured by SLA, on the tensile and flexural strength and flexural 
modulus, was studied by Feng et al. [18]. Printing orientation of the 
composite samples is shown in Fig. 18. 

The printing accuracy affects the mechanical properties (i.e. tensile 
and flexural strength as well as flexural modulus) of the printed com-
posites, as indicated in Fig. 19. Samples manufactured by a conventional 
method of direct casting exhibited relatively poor mechanical properties 
due to larger visible bubbles when compared with those produced by 
SLA (Fig. 20). The bubble size resulted from direct casting was 

approximately 1.4 and 2.9 times bigger than that generated by SLA (X- 
0.02 and X-0.05). 

The tensile strengths of composite samples printed in X-direction 
with a layer height of 5 mm and 2 mm (X-00.5 and X-0.02) were 43 and 
62% higher than that fabricated by direct casting (Fig. 19a). It could be 
related to the presence of bubbles to break the bonds between particles 
of PU, PLA and TEGDMA so that it further lowered the tensile strength of 
laminate structures [18]. Printed composite samples with a layer 
thickness of 2 mm (X-0.02) generated bigger bubbles than that of 5 mm 
(X-0.05) (Fig. 20). Consequently, it reduced the flexural strength and 
flexural modulus of printed composites, as displayed in Fig. 19b. 
Conversely, in the Y-direction, printed composite samples with a layer 
thickness of 2 mm (Y-0.02) had higher flexural strength and flexural 
modulus than Y-0.05 due to typical shrinkage effect. This effect created 
more defects on Y-0.05 samples as opposed to Y-0.02 resulting in the 
decrease in mechanical strength of composite structures. 

Fig. 18. Printing orientation of PU/PLA/TEGDMA composite sample: (a) X direction (face up) and (b) Y direction (edge up) [18].  

Fig. 19. Effect of layer thickness and printing orientation on: (a) tensile strength, (b) flexural strength and (c) flexural modulus of composite samples fabricated by 
SLA compared to those produced by direct casting [18]. 

Fig. 20. SEM images of tensile fractured surfaces, a bubble in (a) X-0.02 sample, (b) X-0.05 sample and (c) direct casting sample [18].  
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The summary of improved properties of PU composites reinforced 
with fibres and polymeric materials are listed in Table 5. Three different 
techniques (i.e. FDM, DIW and DLP) have been used to process PU 
composites reinforced with fibres and polymers. Both types of re-
inforcements could improve mechanical, electrical and thermal prop-
erties of printed samples. PLA, graphene and TEGDMA are commonly 
utilised to enhance tensile and flexural strengths, elastic modulus, as 
well as thermal stability [18,19,66]. Whereas hBN, polyolefin fibres, 
CNFs and PANI enable to enhance thermal conductivity, interfacial 
toughness, compatibility with UV-curable resin and electrical conduc-
tivity, respectively [25,64,70,79]. Increasing the filler content does not 
always improve the properties of composite samples. When the addition 
of fillers or reinforcements exceeds certain optimum values as the 
threshold level (Table 5), it may diminish the properties of printed parts. 

As mentioned in Table 5, the addition of 20 and 75 wt% PLA [66,90] 
in the TPU matrix can improve the tensile strength. The different 
experimental conditions between both studies mainly take place in the 
step of filament fabrication. Leng et al. [66] used the mass ratio of TPU 
and PLA as many as 80:20 and extruded the TPU/PLA mixture twice to 
yield good composite filaments using a twin screw extruder and a single 
screw extruder. Whereas Tao et al. [90] extruded the TPU/PLA mixture 

four times to obtain a well-mixed composite filaments with the aid of 
single screw extruder. The printed sample with 75 wt% PLA yielded 
higher tensile strength compared to composite counterpart containing 
50 wt% PLA. 

3.2.3. Modifier effect in the printed PU composites 
The modifier is typically used to improve the interfacial adhesion 

between the fillers and the matrix, as revealed by previous studies 
[108–111]. For instance, five different modifiers, namely maleic anhy-
dride grafted ethylene- propylene- diene- monomer (EPDM-g-MAH), 
maleic anhydride-grafted polyolefin elastomer (POE-g-MAH), poly-
ethylene glycol (PEG) 6000, chitosan and diphenylmethyl propane dii-
socyanate (MDI), were added to improve the interfacial adhesion 
between wood flour (WF) as the fillers and TPU matrix. The addition of 
those fillers succeeded in improving the tensile strength of printed 
composites [63]. WF is a kind of biomass material and available almost 
everywhere. Therefore, WF is a good filler candidate as low-cost natural 
fibres, as well as biodegradable and eco-friendly materials. The fracture 
surface morphologies of composite samples at different WF contents in 
range from 0, 10, 20, 30 to 40 wt% and with or without modifiers are 
shown in Fig. 21. 

The fracture surface gaps between WF and TPU in composites 
modified by POE-g-MAH, PEG 6000 and chitosan (Fig. 21c–e) increased 
compared to unmodified counterparts (Fig. 21a). These results were also 
detected by Adsuar et al. [112] and Alves et al. [108]. In contrast, with 
the addition of EPDM-g-MAH (Fig. 21b) and MDI (Fig. 21f) modifiers, 
WF was apparently wrapped up by TPU matrix with a clear sign of 
consistent interfaces. The fracture gaps between them were narrower 
than those of unmodified TPU/WF composites. It indicated that 
EPDM-g-MAH had improved interfacial adhesion on resulting composite 
structures. 

The MDI modified composites exhibited the highest tensile strength, 
which increased by approximately 22.33% compared to unmodified 
TPU/WF composites (Fig. 22). It could be induced by a strong inter-
molecular interaction between MDI and the matrix. The isocyanate 
groups in the MDI structure reacted with hydroxyl groups in WF and 
carbamate groups in TPU molecular structures to yield carbamates. It 
increased the bonding force between TPU and WF leading to the 
enhanced tensile strength. EPDM-g-MAH modified composites showed 
the largest elongation at break along with excellent compatibility [108, 
113]. Such a finding could be associated with close interaction between 
WF and EPDM-g-MAH in composites based on the reaction between -OH 
groups and maleic anhydride since EPDM may also function as a 
cross-linker in main chains of TPU [108,114]. 

3.3. Predicted models 

Models for simulation purposes are required to predict composite 
properties using empirical data in order to reduce the number of trials 
and eliminate trials that are difficult to be conducted. The simulation 
processes are developed based on various numerical techniques and 
algorithms. For instance, Shi et al. [89] employed a rule of mixtures 
(RoM) to determine the performance of each component and the volume 
fraction of two components, as indicated in equations (1) and (2), 
respectively.  

Ec = E1υ1 + E2 υ2                                                                           (1)  

υ1 + υ2 = 1                                                                                    (2) 

Ec, E1 and E2 represent the theoretical value of composite material 
properties and property values (e.g. tensile strength, elongation at break 
and elasticity modulus) of material constituents 1 and 2. Whereas υ1 and 
υ2 represent the volume fractions of constituents 1 and 2, respectively. 

Another model mentioned by Xiang et al. [62] was established to 
investigate the sensing mechanism based on Simmons’ tunnelling theory 
[115]. The strain sensing response of printed composites greatly 

Table 5 
Summary of property enhancement in 3D printed PU composites reinforced with 
fibres and polymers.  

Method Material system Optimum filler 
content 

Improvement in 
properties 

Ref. 

FDM TPU/PLA 20 wt% PLA Increasing the 
tensile strength 

[66] 

70 vol% PLA Improving the 
tensile strength 
and elasticity 
modulus 

[89] 

75 wt% PLA Enhancing tensile 
strength 

[90] 

TPU/PLA/GO 0.5 wt% GO Increasing tensile 
modulus and 
thermal stability 

[19] 

TPU/hBN 40 wt% hBN Enhancing thermal 
conductivity 

[64] 

DIW  • Polyolefin fibre/ 
urea- 
formaldehyde 
resin (UF)  

• Polyolefin fibre/ 
PU resin 

5 wt% sodium 
silicate 

Improving the 
interfacial 
toughness 

[79] 

DLP PU/CNF/reduced 
graphene oxide 
(rGO) 

3 wt% cellulose 
nanofibres (CNFs) 

Enhancing the 
compatibility of 
mixture solution 
with the UV- 
curable PU resin 
and the tensile 
strength at the CNF 
content below 3 wt 
% 

[25] 

PU/CNF/graphene 
nanoplatelet (GNP) 

0.6 wt% lignin/ 
graphene 

increasing tensile 
strength and 
hardness 

[71]  

• PU/polyaniline 
(PANI)  

• PU/graphene 
sheet (GS)  

• 6 wt% PANI  
• 2 wt% GS 

Improving the 
electrical 
conductivity 

[70] 

PLA-PUA/ 
TEGDMA/ 
graphene  

• 37 wt% 
TEGDMA, 62 
wt% PLA-PUA, 
1 wt% Irgacure 
819, and 0.5 wt 
% graphene  

• 3D printing 
with the layer 
thickness of 
0.02 mm and X- 
axis direction 

Enhancing the 
tensile and flexural 
strength 

[18]  
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depends on the destruction and reformation of conductive network [62]. 
The total resistance (R) of conductive composites can be expressed by 
equations (3) and (4) together. Such equations have also been used by 
Xiang et al. [67] to calculate the total resistance of printed PU/CN-
T/AgNP composites. 

R=

(
L
N

)(
8πhs

3γa2e2

)

exp(γs) (3)  

γ =
4π

̅̅̅̅̅̅̅̅̅̅
2m∅

√

h
(4) 

L, N and h are the number of particles forming a single conductive 
path, the number of conductive paths and Planck’s constant. Whereas s, 
a2, e, m and Ø represent the shortest distance between conductive par-
ticles, effective cross-section area, electron charge, electron mass and 
the height of potential barrier between particles [116]. When the prin-
ted composites is stretched, the distance between nanofillers linearly 
increases from s0 to s, in which it enhances the electrical resistance of 
printed composites. The shortest distance between nanofillers is calcu-
lated according to equation (5). 

s= s0

(

1+C
(

Δl
l0

))

= s0(1+Cε) (5)  

where ε, l0, Δl and C are indicative of sensor strain, sensor original 
length, sensor deformation and a constant that can vary in material 
systems. 

Kim et al. [65] developed a 3D resistance network model to simulate 
the conduction phenomenon of PU/MWCNT composites using Fortran 
program and the commercial finite element program (ABAQUS/-
standard). The dispersion of MWCNTs was approached with a cubic unit 

Fig. 21. SEM images of cryofractured TPU/WF composites with the WF content of 20 wt%: (a) Unmodified TPU/WF composites, (b) EPDM-g-MAH modified TPU/ 
WF composites, (c) POE-g-MAH modified TPU/WF composites, (d) PEG 6000 modified TPU/WF composites, (e) chitosan modified TPU/WF composites, (f) MDI 
modified TPU/WF composites [63]. 

Fig. 22. Effect of different modifiers on (a) tensile strength and (b) elongation at break [63].  

Fig. 23. 3D resistance network model [65].  

W.T. Nugroho et al.                                                                                                                                                                                                                            



Composites Part B 223 (2021) 109104

18

cell with a size of 1000 ⨯ 1000 ⨯ 1000 nm3, as shown in Fig. 23. 
The resistivity evolution of PU/MWCNT composites in this study 

[65] was modelled in the continuum sense, in which the Ohm’s law is 
given by equation (6), and E as well as j represent the field strength and 
current density accordingly. The resistivity tensor (ρ) is expressed by 
equation (7), and ρ is a resistivity parameter depending on deformation.  

E=ρj                                                                                             (6) 

ρ = ρ

⎡

⎣
1 0 0
0 1 0
0 0 1

⎤

⎦ (7) 

Fig 24 revealed that the calculated values of normalised resistance 
(R/R0) and normalised resistivity (ρ/ρ0) predicted by the continuum 

resistivity model based on the stretched function had good consistency 
with the experimental data both in longitudinal and transverse di-
rections. It means that such a model could become a useful tool to 
predict piezoresistive behaviour of 3D printed polymer composites. 

Buckling phenomenon of filaments in FDM enables to be predicted 
by using Euler buckling equation [26] as follows: 

Pcr =
π2ED2

f

16L2
f

(8) 

Pcr, E, Df and Lf are critical buckling pressure, filament elastic 
modulus, filament diameter and filament length from the drive gear to 
the melting zone. When the filaments are not sufficiently stiff, they can 
buckle in the region between the drive gear and melting zone and stops 

Fig. 24. (a) Normalised resistance and (b) normalised resistivity predicted by continuum resistivity model [65].  

Table 6 
Summary of SMPU materials and their composites for 4D printing.   

SMPU 
Composites 3D printing 

technique 
Ref. 

Type Specification Supplier Type Specification Supplier 

TPU  • MM3520  
• Pellet  
• Glass transition 

temperature (Tg): 35ᵒC  
• Specific gravity: 1.25 

SMP 
Technologies Inc., 
Japan 

MWCNTs  • Length: 100–200 μm  
• Average diameter: 8 nm 

Jeio Co., Incheon, 
Korea 

FDM [125] 

TPU  • DiAPLEX MM 4520  
• Pellet  
• Tg : 45ᵒC  
• Specific gravity: 1.25 

SMP 
Technologies Inc., 
Japan 

Carbon black (CB) Ketjenblack, EC600JD Akzo Nobel, USA FDM [126] 

TPU  • MM3520  
• Pellet  
• Tg: 35ᵒC  
• Specific gravity: 1.25 

SMP 
Technologies Inc., 
Japan 

Tungsten  • Powder  
• Purity: > 99.9%  
• Size: 0.6–1 μm 

Sigma Aldrich FDM [129] 

Waterborne 
PU 

Rust-Oleum triple thick 
polyurethane clear matte 

Rust-Oleum  • Carbomethyl 
cellulose (CMC)  

• Silicon dioxide 
(SiO2

)  

• Whatman CMC pre- swollen 
microgranular cation exchanger 
CM52  

• Size: 10–20 nm  
• Density: 2.2–2.6 g mL− 1 at 25ᵒC  

• Whatman- 
Cytiva  

• Sigma Aldrich 

FDM [80] 

TPU  • Elastollan TPU, 1185A  
• Tg: − 38ᵒC  

• Specific gravity: 1.12  
• Melt flow index: 10–20 

g/10 min (190ᵒC, 8.7 kg) 

BASF Polylactic acid (PLA)  • PLA 8052D  
• Tg:60ᵒC  
• Specific gravity: 1.24  
• Melt flow index: 14 g/10 min 

(210ᵒC, 2.16 kg) 

Natureworks LLC FDM [20] 

TPU  • Elastomer TPU Changsha 
Yitailong, China 

PLA  • Shape memory material (SMP)- 
PLA  

• Filament diameter: 1.75 mm 

Zhejiang 
Hailuohao, China 

FDM [82] 

TPU  • Filament  
• (Tg): 55ᵒC  
• Filament diameter: 1.75 

mm  
• Melting temperature: 

205-215ᵒC 

SMP 
Technologies Inc., 
Japan 

Nylon  • Plain woven fabric  
• Thickness: 0.1 mm  

FDM [130]  
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the printing process. It is noteworthy that Pcr of the filaments must be 
higher than the pressure required to extrude the filaments through the 
nozzle tip. PU is categorised as a soft or flexible material prone to 
buckling. The addition of the fillers like particles or fibres could enhance 
its elastic modulus and buckling resistance so that it may improve PU 
printability [67]. 

A model may be used to predict the coalescence behaviour of com-
posites achieved by using SLS technique [68]. In this case, a low vis-
cosity of the feedstock material for SLS printing from polymers is 
required to achieve adequate coalescence between polymer particles 
since SLS machine cannot provide an additional compacting during a 
printing process [117]. High viscosity causes insufficient liquidity and 
inappropriate coalescence [118]. Coalescence behaviour of PU/CNT 
powders during SLS printing can be described by Frenkel’s sintering 
model [119] according to equation (9). 
(x

R

)2
=

3
2π

σ
Rη t (9) 

R, x, σ, η and t are the particle radius, neck radius formed between 
two particles, surface tension, melt viscosity and sintering time. Such a 
simple model indicates that the viscosity plays a crucial role in material 
sinterability. 

4. SMPU composites for 4D printing 

4D printing refers to the ability of 3D printed materials to actuate 
when a stimulus such as a temperature, electricity, light, pressure or 
moisture is applied [120]. The particular materials used for 4D printing 
must possess shape memory properties enabling them to remember and 
recover their original shape. It means an external force can deform the 
original shape of shape-memory materials into a temporary form. This 
temporary form is retained until a stimulus is applied, which triggers the 
transformation of shape-memory materials to return their original shape 
[121,122]. Shape-memory materials can perform such a unique action 
due to the presence of elastic and transition segment [123], making 
these materials recover their shape under the effect of an appropriate 
stimulus after being physically deformed [124]. 

A shape-memory material like SMPU could be a promising candidate 
for several applications such as scaffolds, sensors, actuators, wearable 
and biomedical devices [19,60,65,70]. However, pristine SMPU prop-
erties have not met the requirements of final products yet. Hence, it 
should be combined with other materials like polymers and fillers so as 
to greatly improve its properties. The addition of fillers in SMPU matrix 
may improve shape memory feature, electrical property, sensing capa-
bility, biocompatibility and self-healing. The use of additional fillers like 
CNTs, carbon black (CB), PCL and WF can be conducted using solution 
and melt mixing [125–128]. Table 6 lists generally used SMPU materials 
and their composites particularly with respect to 4D printing in detail. 

Most of SMPU composites are processed using FDM technique due to 
its ability to handle various materials, as well as composites such as 
SMPU/MWCNT nanocomposites, SMPU/CB nanocomposites and 
SMPU/tungsten nanocomposites [125,126,129]. Besides, this technique 
also offers low-cost manufacturing compared to other 3D printing 
methods like PolyJet technology [78]. Nevertheless, FDM has typical 
drawbacks by producing printed parts with worse surface finish, less 
dimensional accuracy, as opposed to those printed by PolyJet technol-
ogy [125]. 

4.1. Preparation of SMPU composites for 4D printing 

The preparation of SMPU composites is similar to that of PU com-
posites for 3D printing. Purification, dehumidification and mixing pro-
cesses are required to produce feedstock materials for 4D printing. A 
summary of 4D printing applied to process SMPU composites along with 

the associated stimuli and programming process is listed in Table 7. 
The reinforcement materials for SMPU typically comprise particles, 

nanoparticles and polymers that can be easily mixed with polymer 
matrix via solution or melt mixing [60,80,125–130]. In FDM technique, 
SMPU and the reinforcements should be processed in form of 3D fila-
ments using a filament extruder. This extrusion process must take into 
account the melting temperature (Tm) of raw materials, primarily shape 
memory properties under material processing particularly for SMPU. 
Otherwise, it may damage the prepared filaments, or yield the filaments 
with inconsistent diameter sizes or rough surfaces. This state also applies 
to the extrusion process in 3D printing. To produce the desired printed 
parts, nozzle temperature must be selected in reference to the Tm of 
materials, and the other printing parameters, namely print speed, layer 
height, and filling ratio of 3D printer should also adapt to filament 
properties [125]. 

4D printing often uses thermoplastic polyurethane (TPU) since it 
possesses excellent shape memory behaviour. TPU belongs to the family 
of PU materials with many different grades. The most common TPU with 
shape memory properties are TPU elastomer, polyester and polyether 
grades. Based on the database of MatWeb [131], the Tm of TPU elas-
tomer, polyester and polyether grades are in the range of 100–230ᵒC, 
71-221ᵒC and 118-218ᵒC, respectively. Therefore, the nozzle tempera-
ture for the printing process is commonly set in the range of 200–240ᵒC 
[60,125,130]. 

The programming process in 4D printing for SMPU that applies heat 
as external stimulus must refer to its Tg (a critical transitional temper-
ature taking place between glassy and rubbery state). Therefore, 
deformation program should be performed above this temperature level. 
For instance, when TPU has the Tg of 35ᵒC, printed structures should be 
heated above this temperature (e.g. 40ᵒC) [125]. If its Tg is 55ᵒC, pro-
gramming temperature is recommended being adjusted to 75ᵒC [130]. 
Besides, TPU is also known as a flexible material with low stiffness due 
to its own large elongation by means that this material is susceptible to 
buckling when subjected to a printing process. If print speed is too high, 
extruded filament diameter through the nozzle tip decreases resulting in 
lower critical buckling pressure (Pcr) [132]. If Pcr is lower than the 
pressure required to extrude the filaments, it induces the buckling on the 
filaments (see equation (8)). Hence, the used printing speed for 3D 
printing techniques such as FDM cannot be too high in range of 20–80 
mm s− 1 [126,129] to maintain a consistent flow of deposited filaments. 

4.2. Properties of 4D printed SMPU composites 

Printing parameters such as printing temperature, feed rate, filling 
ratio and layer thickness can influence the properties of 4D printed 
SMPU composites. Ly et al. [125] investigated the effect of such four 
printing parameters on the conductivity and recovery behaviours of 
SMPU/MWCNT composite samples using FDM. This study revealed that 
the recovering time of composite samples significantly declined when 
the stimulus temperature was higher than their Tg. It is noteworthy that 
for an effective recovering time, the stimulus temperature applied 
should not exceed 10ᵒC below Tg [125]. 

The printing parameters of FDM technique affected electrical resis-
tance and recovering time of SMPU/MWCNT nanocomposite samples 
[125]. Compared with samples in the same printing parameter category, 
one that possesses either higher printing temperature, layer thickness, 
filling ratio or lower feed rate yields lower electrical resistance and 
shorter recovering time. The difference in printing temperature and 
layer thickness contributed to the greatest effect on recovering time 
[125]. High printing temperature can easily bond layers together into a 
thicker one containing more MWCNTs, leading to enhanced electrical 
conductivity. High filling ratio and low feed rate induced the same effect 
on depositing MWCNTs into layers. The best performance of composite 
samples with the resistance and recovering time of 0.95 kOhm and 42 s 
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Table 7 
Summary of 4D printing for SMPU composites.  

Method Matrix material Reinforcement Material preparation process Printing parameter Stimulus Programming process Ref. 

FDM TPU 
with Tg of 35ᵒC 

MWCNT  • Solution mixing  
• Ultrasonication  
• Stirring  
• Vaporisation  
• Shredding  
• Drying  
• Melt mixing  
• Extrusion  

• Print speed: 40 
mm/s  

• Nozzle 
temperature: 200ᵒC  

• Bed temperature: 
70ᵒC 

Heat  • Heating the sample above their Tg (40ᵒC)  
• Applying external force to deform the sample  
• Maintaining this deformation at below Tg (20ᵒC)  
• Releasing the applied force  
• Immersing the samples into water at 40, 45, and 50ᵒC 

[125] 

FDM TPU 
with Tg of 45ᵒC 

CB  • Solution mixing  
• Sonication  
• Evaporation  
• Cutting  
• Melt mixing  
• Extrusion  

• Print speed: 80 
mm/s  

• Nozzle 
temperature: 230ᵒC  

• Bed temperature: 
60ᵒC  

• Layer height: 0.25 
mm  

• Infill: 100% 

Electrical 
current  

• Applying external force and electrical current to deform 
the samples up to their ultimate tensile strength  

• Maintaining this deformation  
• Releasing the applied force and turn off the electrical 

current after the sample reaches its fracture point 

[126] 

FDM TPU 
with Tg of 35ᵒC 

Tungsten  • Ball milling  
• Solution mixing  
• Stirring  
• Drying  
• Melt mixing  
• Extrusion  

• Print speed: 20 
mm/s  

• Nozzle 
temperature: 230ᵒC  

• Bed temperature: 
55ᵒC  

• Layer height: 0.2 
mm  

• Infill: 100% 

Heat  • Heating the sample above their Tg (60ᵒC)  
• Compressing the sample until it is deformed up to ½ of its 

thickness  
• Maintaining this deformation and the sample is cooled at - 

10ᵒC  
• Releasing the applied force  
• Immersing into water at 40ᵒC 

[129] 

FDM TPU 
with Tg of 55ᵒC 

Nylon Extrusion  • Print speed: 50 
mm/s  

• Nozzle 
temperature: 230ᵒC 

•Bed temperature: 
25ᵒC  
• Layer height: 0.2 

mm  
• Infill: 100% 

Heat  • Heating the sample at 70ᵒC for 5 min  
• Deforming the object shape  
• Cooling the sample for 30 min  
• Reheating the sample at 70ᵒC for 5 min 

[130] 

FDM TPU with melting temperature 
(Tm) of 170–220ᵒC  

• PCL  
• MWCNT  

• Solution mixing  
• Stirring  
• Washing  
• Drying  
• Creating composite films  
• Crushing the composite films  
• Extrusion  

• Print speed: 30 
mm/s  

• Nozzle 
temperature: 230ᵒC  

• Bed temperature: 
30ᵒC  

• Layer height: 0.4 
mm  

• Infill: 100% 

Light (near 
infrared)  

• Heating the sample above T
m-PCL  

• Deforming the object shape  
• Cooling the sample  
• Applying near infrared (NIR) to reheat the sample 

[127] 

FDM  • WF  • Mechanical mixing Heat  • Heating the sample above Tm-TPU for 2h [128] 

(continued on next page) 
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accordingly, were obtained when printing temperature, feed rate, filling 
ratio and layer thickness were set to be 230ᵒC, 40 mm s− 1, 100%, and 
0.2 mm, respectively [125]. 

Important properties of printed SMPU composites such as toughness, 
elongation and electrical conductivity can be improved by incorporating 
CB particles in SMPU matrix. Rosales et al. [126] varied the CB contents 
of 1, 3, 5, and 7 wt% and mixed it with SMPU and N-dimethylformamide 
(DMF) solvent by using the solution and melt mixing method. Besides, 
the electrical current was employed as an external stimulus instead of 
heat. In general, increasing the CB content promoted the electrical 
conductivity of SMPU/CB composites. Optimally, it reached the best 
performance with the inclusion of 5 wt% CB. Nevertheless, composite 
filaments reinforced with 1 and 3 wt% CB lost the conductivity prop-
erties. It could be related to nanocomposite mixing conditions at a low 
temperature (i.e., 160ᵒC) and a low pressure (approximately 0.32 MPa) 
since the filament extruder employed in this study was a single-screw 
type containing a single heating chamber. The printed composite sam-
ples reinforced with 5 and 7 wt% CB exhibited better electrical con-
ductivity than those with the addition of 1 and 3 wt% CB (i.e. 0.1822 ⨯ 
10− 3 and 3.83 ⨯ 10− 3 S m− 1, respectively) [126]. However, SMPU/CB 
composite filaments containing 5 wt% CB appeared to be too soft and 
caused material clogging issue in the nozzle tip during deposition. In 
contrast, composite samples reinforced with 7 wt% CB became too 
brittle and induced high breaking rate during the extrusion process. To 
overcome the stiffness issue, an additional master batch of composites 
containing 7 wt% CB was manufactured. They were then mixed with 
SMPU (weight ratio: 1:0.33) in the filament extruder to create composite 
filaments reinforced with 5 wt% CB. The presence of electrical stimulus 
assisted successfully in enhancing the toughness of composite samples 
up to 4 times higher as opposed to controlled samples, and elongation 
was improved from 9.45 to 44% on the same basis [126]. It reflected the 
superplastic properties of nanocomposite samples when an electrical 
stimulus was employed throughout the programming duration. 

Other particles, namely tungsten can be used as the reinforcement in 
SMPU matrix to increase shape holding and shape recovery of printed 
composite structures. Kashyap et al. [129] combined SMPU with 
Tungsten and sodium chloride (NaCl) to produce porous radiopaque in 
possession of shape memory property for endovascular embolisation. 
The shape recovery of composite samples reached 95% during the first 
recovery cycle, and then increased up to 100% at the next recovery 
cycles [129]. It was evidently confirmed that porous Tungsten SMPU 
exhibited a remarkable shape holding and shape recovery properties. 
However, the storage modulus of porous SMPU/Tungsten composites 
was lower than that of moulded SMPU, but it was still 12% higher than 
that of porous SMPU. 

Other factors such as thickness and cycles also impact shape memory 
and tensile properties of sinusoidal nylon/SMPU composite structures 
via FDM [130]. This study disclosed that the sinusoidal pattern resem-
bling an oscillating wave could achieve excellent mechanical properties 
[133]. Besides, it used five different thicknesses in the sinusoidal 
pattern, namely 0.2, 0.4, 0.6, 0.8, and 1.0 mm subjected to the printing 
on nylon fabric with sample codes of 0.2, 0.4, 0.6, 0.8, and 1.0 SM/NF, 
respectively (Fig. 25). 

The thinner sample could recover faster than the thicker counter-
parts. As shown in Fig. 26, those samples with a thickness of 0.2 mm (0.2 
SM/NF) had the highest shape recovery rate, which was followed by 0.4, 
0.6, 0.8 and 1.0 SM/NF. The average shape recovery rates during 50 
cycles were 3.0, 2.0, 1.4, 0.8 and 0.7ᵒ/s for 0.2, 0.4, 0.6, 0.8 and 1.0 SM/ 
NF, respectively. The higher printing thickness yielded more layers so 
that it required more time for heat transfer from the exterior to internal 
layers. Conversely, the thinner samples took less time to transfer heat to 
the entire region of the samples in order to reach Tg and shift to the 
rubbery state. Therefore, it could release the stored force and recover 
quickly [134]. The curve patterns in Fig. 26 confirmed that the shape 
recovery rate declined with increasing sample thickness. 
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4.3. Shape-memory effect (SME), stimuli and associated mechanisms 

The SMPU possesses two microphase-separated structures because of 
thermodynamic incompatibility between hard and soft segments. The 
hard segment is made from diisocyanate and chain extender while the 
soft segment comes from the long-chain polyol. This hard segment may 
bind itself via hydrogen bonding and crystallisation, and it makes SMPU 
become very solid below its Tm. Reversible transformation of soft seg-
ments is believed to be responsible for SME of the material. To investi-
gate SME, several testing methods such as tension, compression, 
flexural, relaxation and creep tests may be applicable for this purpose 
[135,136]. 

SME, stimuli and particular mechanisms should be involved when 
study material shape memory properties such as SMPU. Kashyap et al. 
[129] applied heat as an external stimulus to actuate SME of SMPU. This 
study included programming and recovery steps to investigate the shape 
memory behaviour of SMPU/Tungsten composite samples in size of 10 
mm ⨯ 10 mm ⨯ 10 mm. Firstly, This sample was heated in an oven at 
60ᵒC with reference to the Tg of SMPU (i.e. 35ᵒC). The composite sample 
was then compressed to a thickness of 5 mm in one of its dimensions and 
cooled at − 10ᵒC in a freezer to fix its temporary shape. The recovery step 
was conducted by immersing the sample in a water bath at 40ᵒC until it 
achieved full shape recovery. The dimensions of composite samples in 
the compression direction were measured to evaluate its shape recovery. 
The shape recovery process of the composite sample is shown in Fig. 27. 

Another stimulus, namely electrical current, was applied to investi-
gate toughing improvement of SMPU/CB nanocomposite structures 

during a programming process [126]. The material samples were 
fabricated in a dog-bone form according to ASTM standard D638 type 
IV. The applied mechanism in this research to study shape memory ef-
fect of printed composites was a combination of the tensile-test pro-
cedure with electrical current supply. It started at room temperature, 
which was below the Tg of SMPU material at 45ᵒC. Whereas the electric 
current from DC power supply with an output capacity of 300 V was 
applied through the sample during the elastic deformation region. This 
power supply was turned on and off at the particular time in the tensile 
tests. When the sample reached the fracture point, the load was entirely 
removed [126]. 

The near-infrared (NIR) light was imposed by Bi et al. [127] to 
activate SME of dopamine-modified SMPU/PCL/MWCNT composite 
samples manufactured by FDM. The incorporation of MWCNTs was 
supposed to absorb NIR light and convert it into heat so that it enabled to 
increase the temperature of composite samples and to remotely control 
localised shape change [33,132]. However, the interaction between 
these nanoparticles and polymer matrix is weak, and the van der Waals 
force between those particles is conversely strong leading to typical 
particle aggregation. Therefore, the surface modification of fillers is 
necessary to improve the interfacial interaction between nanoparticles 
and polymer matrix. The preparation of feedstock material for FDM 
technique can be conducted via solution and melt mixing methods. 

The shape memory mechanism of SMPU/PCL/MWCNT composite 
samples induced by the NIR light is similar to that being triggered by 
heat. The difference is that MWCNTs are used as the photothermal 
conversion materials while NIR is employed as the light source [127]. 
The programming process to observe SME of composite samples is 
illustrated in Fig. 28. In this process, when the temperature condition is 
lower than the Tm of PCL, PCL molecular chains are frozen in a solid state 
because of its low molecular movement and crystallisation. Once the 
temperature is higher than the Tm of PCL, PCL crystals become quite soft, 
and polymeric chains may undergo a significant segment movement in 
order to change polymeric structures. In the temporarily deformed state, 
PCL in the composite structure is in a crystalline state with a deformed 
shape. When the NIR light is imposed, the composite temperature ex-
ceeds the Tm of PCL via the photothermal effect of MWCNTs. It can also 
soften PCL crystals due to the elastic effect of SMPU so that the com-
posite shape is gradually recovered and return to its initial shape. In this 
composite material system, high crystallinity and ductility of PCL region 
determine its fixed shape ratio. On the other hand, the elastic SMPU 
region stores the deformation energy that is released during the heating 
process, softens and restores the shape of PCL crystals [137–139]. 

5. Applications 

One of 3D printing superiorities, when compared to conventional 
methods such as injection moulding, is its capability to manufacture a 
complex geometry structure. This superiority allows 3D printing to 
fabricate various structures such as flexible sensors, scaffolds, finger 
orthosis, thermoelectric generator and wearable devices made from PU 
composites [19,58,65,68,92]. 

Smart PU ability, to be deformed and recover its original shape when 
triggered by external stimuli such as light, heat and electrical current, is 
the unique characteristics of this material [140]. It is supported by the 
presence of microphase-separated domains (i.e. hard and soft segments). 

Fig. 25. Sinusoidal nylon/SMPU composite samples [130].  

Fig. 26. Shape recovery rate of nylon/SMPU composite samples with various 
thicknesses and cycles [130]. 
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The hard segments supply the mechanical strength to remember initial 
shape after deformation while dissipation energy is stored by soft seg-
ments which are used for returning to the original form under external 

stimuli [141]. The SME in PU and its composites could be one-way, 
two-way, triple, or even quadruple depending on the number of tran-
sition temperatures and the content of hard and soft segments 

Fig. 28. The process of NIR-induced SME in dopamine-modified SMPU/PCL/MWCNT composite sample [127].  

Fig. 27. The shape recovery process of SMPU/Tungsten composite sample [129].  
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[142–144]. The ability of smart PU makes this material become a strong 
material candidate for a wide range of applications such as flexible 
sensors, smart structures for tissue engineering and biomimicking skel-
etal muscle actuator [60,80,128]. 

5.1. Biomedical applications 

Millions of reconstructive surgical procedures are performed yearly 
to overcome bone injuries due to the annihilation of bone tissues such as 
osteoporosis, tumours and osteonecrosis [145]. The destruction of bone 
tissues could be caused by traumatic injuries or ineffective healing after 
traumatic injuries. Typically, a human body heals the bone fracture 
using different bone cells to start with bleeding. When the blood flows 
down to the site of bone fracture, it forms a clot inducing swelling in the 

broken area. The healing process time for every person may differ 
depending on the health condition, age, the presence of infection, 
breakage type and blood supply condition [140]. A small defect in the 
bones may be healed naturally through growth, renewal and repair 
mechanisms. Nevertheless, when a bone defect is bigger than the critical 
size, the healing process becomes crucial with the requirement of a bone 
regeneration method based on tissue engineering techniques. A scaffold 
can be categorised as the most important part in tissue engineering to 
regenerate target tissues such as bone defects. 

The process of scaffold design and its implantation in human bodies 
requires precisely matched dimensions with the bone defect contour. 
Regarding this, smart PU composites with shape memory properties may 
make a significant contribution. These properties allow smart PU com-
posites to maintain a temporary programmed shape and recover as per 

Fig. 29. (a) 3D printed PU/PLA/GO nanocomposite scaffold and (b) 3D printed PU/PLA/GO nanocomposite scaffold under bending. Adapted with permission from 
Ref. [19]. Copyright 2017 American Chemical Society. 

Fig. 30. Electromechanical sensors based on TPU/MWCNT/AgNP nanocomposites for repeated bending and unbending based on (a) index finger, (b) wrist, (c) 
mouth opening and (d) swallowing [67]. 
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requirement after the incorporation in a bone through minimal invasive 
bone repair [146]. Chen et al. [19] used PU, PLA and GO nanoparticles 
to produce a nanocomposite scaffold, as illustrated in Fig. 29, with the 
aid of FDM. The combination of those materials was found to increase 
mechanical strength and thermal stability of the scaffolds. Besides, these 
scaffolds showed good biocompatibility with NIH3T3 cells, indicating 
their critical role as potential biomaterial scaffolds for tissue engineer-
ing. However, the printing orientation affected the mechanical response 
of composite scaffolds due to weak adhesion between layers during the 
printing process, which is deemed as a typical drawback to FDM 
technique. 

Smart PU composites may also be used to produce a flexible sensor 
for prosthetics. CNT particles are typically utilised to reinforce PU or 
SMPU matrix. Kim et al. [65] combined the TPU and MWCNTs to create 
a flexible pressure sensor using FDM. The piezoresistivity of flexible 
sensors with an MWCNT content of 5 wt% was characterised using 
tensile tests up to 40% strain, which were conducted parallel to the 
loading and transverse directions, and simultaneously measured the 
resistance of sensors. The results revealed that the isotropy of resistivity 
was maintained during deformation [65]. Another similar work had 
been conducted by Xiang et al. [67] that manufactured elastic strain 
sensors using FDM by combining TPU, MWCNTs and silver nano-
particles (AgNPs). The incorporation of nanofillers improved material 
printability and significantly affected the sensing performance of 
nanocomposite sensors. The electromechanical responses of nano-
composite sensors are shown in Fig. 30. When the weight ratio between 
MWCNTs and AgNPs was 5:1, the sensors possessed high sensitivity 
(gauge factor (GF) = 43260 at 250% strain), fast response (⁓57 ms), 
high linearity (R2 = 0.97 within 50% strain), and excellent repeatability 
(1000 cycles) owing to synergistic effects [67]. These results indicated 
the sensor potential for specific applications in prosthetics and wearable 
devices where customisability is typically required. 

The combination between TPU and PLA results in excellent proper-
ties such as flexibility, biocompatibility and fixity particularly required 
by wearable devices for biomedical applications such as skeletal muscle 
actuators and finger orthosis [60,90]. A skeletal muscle actuator is used 
to facilitate the movement and force to joints within a prosthetic device. 
For upper limb prosthetic, it involves digit/wrist manipulation, rotation 
at the elbow and grip force. Therefore, it needs an actuator that can 

provide a linear output or translate rotational energy to a linear 
force/direction. Current prosthetics for upper limb amputations uses a 
body-powered system or an electric system. Nevertheless, both systems 
have drawbacks. The body-powered system has no feedback system or 
high force output but appears to be lightweight and inexpensive along 
with a lack of complexity. Whereas the electric system is more costly and 
heavier resulting in noise pollution. Nonetheless, it has a feedback/-
control system enabling to collect the input from the electrodes of 
muscular monitoring [60,147,148]. The printed TPU/PLA composites 
fabricated by FDM have been developed to overcome such disadvan-
tages. Shape memory property possessed by TPU and PLA allowed the 
actuator to memorise a predetermined shape and recovered to the initial 
shape when a stimulus like the heat was applied. The printed composite 
actuator demonstrated nonlinear properties in which strain and peak 
force were comparable with those of mammalian skeletal muscle. This 
actuator had the response time of 0.77s, low mass of 74.0 mg, low 
operating temperature at 70ᵒC and material cost of US$0.0098 per 
actuator [60]. However, this actuator may have an issue related to 
durability and loading protection within a prosthetic. 

The finger orthosis derived from TPU/PLA composites via FDM was 
implemented by Tao et al. [90]. This work revealed that TP25 speci-
mens, consisting of 25 wt% TPU and 75 wt% PLA, exhibited the same 
tensile strength, but higher elongation at break than neat PLA. It indi-
cated that the printed TPU/PLA composites with such a composition 
could meet material requirements of finger orthosis. However, a further 
increase of TPU up to 50 wt% leads to a sharp decrease in the tensile 
strength of printed composite structures [90]. A summary of applica-
tions and challenges of smart PU used for 3D or 4D printing in 
biomedical engineering is presented in Table 8. 

5.2. Electronics applications 

3D printing technology has been widely used in the fabrication of 
electronic parts or devices since it can yield appropriate geometry with 
reduced time when compared with traditional manufacturing such as 
injection moulding [149]. When this technology is combined with smart 
PU composites, it can produce various electronic components, namely 
sensors, flexible circuits, wearable devices, soft robotics and thermo-
electric generators, as mentioned earlier by Tzounis et al. [58]. This 

Table 8 
Applications and challenges of smart PU for 3D or 4D printing in biomedical engineering.  

Method Materials Application Challenges Ref. 

FDM TPU/hBN Sensor The printed samples have anisotropic properties from hBN filler [64] 
FDM TPU/MWCNT Flexible sensor The printed samples inherit the piezoresistivity anisotropy [65] 
FDM TPU/MWCNT/AgNP Flexible sensor Without the presence of AgNP, the numerous CNT agglomeration in the TPU matrix 

occurred that lower the sensitivity and linearity of the printed composites 
[67] 

FDM TPU/PLA/GO Scaffold for tissue 
engineering 

The printing orientation influences different mechanical response because of the weak 
adhesion strength between layers during printing process 

[19] 

FDM TPU/PLA Finger orthosis The single-screw extruder requires three times of melt mixing process leading to time- 
consuming manufacturing 

[90] 

FDM SMPU/Tungsten/NaCl Interventional radiology It is arduous to print SMPU possessing a low Tg (35ᵒC) since it loses its stiffness at room 
temperature 

[129] 

FDM  • SMPU waterborne/ 
carbomethyl cellulose (CMC)  

• SMPU waterborne/silicon 
dioxide (SiO2

) 

Smart structures for tissue 
engineering  

• The addition of CMC and SiO2 decreases the fracture stains of the samples  
• The printed objects still have rough forms (poor accuracy)  
• The printing process is time-consuming since it requires 1–2 min delay between each 

layer 

[80] 

FDM SMPU/PLA Biomimicking skeletal 
muscle actuator  

• The printed actuators have low durability  
• Response time is still too long 

[60] 

DIW PU/HA/Y27632 or TGFβ3 Scaffolds The bulk structure of PU/hyaluronan (HA) scaffolds disintegrate after one month due to 
low solid content 

[17] 

SLS TPU/CNT Wearable devices The increasing CNT content decreases the tensile strength of the composite samples due to 
the incomplete coalescence of polymer particles 

[68] 

DLP  • PU/polyaniline (PANI)  
• PU/graphene sheet (GS) 

Biomedical devices The effect of PANI addition to tensile strength and Young’s modulus of the composite 
samples is not significant 

[70] 

SLA PU/PLA/graphene/TE GDMA Scaffolds SLA technique generates anisotropic property on the printed composite structures [18]  
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study manufactured a flexible and stretchable organic thermoelectric 
device from TPU and two types of MWCNTs, namely NC-7000 MWCNTs, 
called NC-MWCNT, and Long MWCNTs, known as L-MWCNT using FDM 
(Fig. 31). Thermoelectric device has the ability to generate an electric 
potential, which is known as thermoelectric voltage, upon being 
exposed by heat. Even though printed samples showed an anisotropic 
electrical conductivity in the printing direction of through-layer and 
cross-layer, it yielded the same Seebeck coefficient [150]. This result 
may unravel an opportunity for the 3D printed thermoelectric 
TPU/MWCNT nanocomposites toward large-scale thermal 
energy-harvesting applications such as stretchable 3D harvester and 
wearable devices with the requirements of complex geometry and 
customisability. 

In addition to thermoelectric devices, the combination of PU and 
MWCNTs are also applicable to create strain, flexible or piezoresistive 
sensors. Christ et al. [26] employed both materials to manufacture 
uniaxial and biaxial strain sensors using FDM. Such sensors underwent a 
series of cyclic strain loads to investigate their piezoresistive responses. 
The results indicated that TPU/MWCNT nanocomposite sensors ach-
ieved excellent responses with cyclic repeatability in both axial and 
transverse directions, as well as in response to strains as high as 50% 
[26]. It demonstrated the possibility of fabricating embedded and 
multidirectional flexible strain sensors using 3D printing along with 
potential applications in flexible electronics, health monitoring and soft 
robotics. A sensor possessing excellent elastic and electro-responsive 
properties may be made from SMPU/CB composites via FDM [126]. 
The primary challenge in sensor manufacturing was associated with 

increasing composite brittleness due to the addition of CB nanoparticles 
so that it triggered a premature breaking under tensile loads. Such a 
drawback was tackled by increasing the sample temperature to pass a 
controlled current through the part in order to tailor its strength prop-
erties. The results showed that conductive SMPU/CB nanocomposite 
samples responded to electrical current stimulus by enhancing their 
toughness four times higher than that without the current applied during 
the tensile tests. However, as previously predicted, the inclusion of CB 
nanoparticles in SMPU matrix diminished the elongation of composites 
by approximately 50%, as opposed to that of pristine SMPU [126]. It 
might be ascribed to the reduction in interfacial interaction between 
polymeric chains due to the CB dispersion within polymer matrix. 

The sustainability of smart PU composites should be considered since 
this kind of material has good potential applications in several areas 
such as biomedical engineering and electronics. It can be achieved by 
using biomass materials like WF with abundance, low cost, low density 
and environmental friendliness [63]. The combination of SMPU and WF 
must be followed by the addition of ethylene- propylene- diene- 
monomer grafted maleic anhydride (EPDM-g-MAH) as a modifier in 
order to compensate for the loss of toughness and enhance the interfacial 
adhesion of SMPU/WF composites [63]. Bi et al. [128] used SMPU, WF 
and EPDM-g-MAH to fabricate composite samples in possession of good 
shape memory property, tensile strength and tensile elongation. The 
experimental results revealed that when the EPDM-g-MAH content was 
4 wt%, well-dispersed WF particles in the composites with strong 
interfacial bonding between SMPU and WF were obtained. Besides, a 
better recovery ratio was also achieved at this composition when 

Fig. 31. (a) Vacuum filtration process to create MWCNT bulky paper films, (b) schematic diagram of cross-layer and through-layer electrical conductivity mea-
surements and (c) thermal gradient set-up used for Seebeck coefficient measurements [58]. 
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compared to that based on unmodified- SMPU/WF composites [63]. 
This finding revealed a great potential of SMPU/WF composites for soft 
robotics, sensors and flexible electronics. A summary of 3D or 4D 
printing applications for smart PU in electronics with their major chal-
lenges is indicated in Table 9. 

When compared to other 3D techniques, FDM is used more 
frequently to handle smart PU and its composites. It may be caused by 
FDM superiorities that can process various kinds of materials, which is 
thus classified as low-cost manufacturing with user-friendliness [125]. 
However, this technique has some drawbacks, as indicated in Table 9. 
The printed composites resulted in anisotropic properties arising from 
FDM process [58,64,65] due to its nature. It could be improved by 
means of post-processing such as post-heating process. Other disad-
vantages of FDM technique are material agglomeration and clogging 
[125], as well as filament buckling [114]. The agglomeration issue may 
be tackled using an appropriate mixing method for raw materials so that 
the fillers can be well distributed in the matrix. The modifiers such as 
EPDM-g-MAH and MDI can be proposed to enhance interfacial adhesion 
between the fillers and the matrix [20,80,129,130] since it is allowed to 
strengthen the particle bonding in composite laminates and improve the 
mechanical strength of printed structures. Filament buckling problem 
could be solved by increasing the filler content to enhance filament 
elastic modulus [62]. However, when the filament is too stiff, it may 
induce material clogging in the nozzle. 

The addition of the reinforcements does not always induce signifi-
cant effect on the matrix properties, as evidenced by the incorporation of 
PANI in PU matrix [70]. Furthermore, increasing the filler content up to 
a certain level may worsen the tensile strength due to the incomplete 
coalescence of polymer particles or agglomeration [68,69,90]. There-
fore, the optimal composition between the matrix and fillers should be 
determined accordingly in order to achieve the desired properties. 

6. Summary and future challenges 

SMPU consists of two microphases, namely hard and soft segments. 
The hard microphase imparts the stiffness and offers the reinforcements 
to the material while the soft microphase contributes to elastic behav-
iour. Such a unique characteristic generates SME in smart PU structures 
under either external force or stimuli. It allows this material and its 
composites to be used for general purpose such as scaffolds, flexible 
sensors, finger orthosis and wearable devices in biomedical engineering 

and electronic fields. The fabrication process of those products involves 
3D printing techniques such as FDM, DIW, SLS and DLP. The 3D printing 
technology becomes an alternative way to create objects with complex 
geometries, which is arduous to be performed by traditional 
manufacturing methods, namely extrusion, compression moulding and 
injection moulding. 

The sustainability of smart PU refers to renewable raw materials to 
replace traditional petroleum-based materials. PU is made from isocy-
anate functional groups and polyol groups. Diisocyanate and the chain 
extender form hard segments. Whereas polyol builds soft segments to 
benefit elastic property of PU/SMPU. Polyols can originate from petro-
leum as well as renewable materials (e.g. lignocellulosic biomass and 
vegetable oils). Natural fibres such as CNFs derived from oil palm empty 
fruit bunch (EFB) is an agricultural waste of palm oil mill, which con-
tains processed rich lignocellulose to produce polyol. Therefore, CNFs 
can be promoted as a renewable material to produce smart PU. Another 
renewable material is WF, as an abundant biomass material with low 
cost, low density and environmental sustainability, which may also be 
attractive to create smart PU. 

Even though the development of smart PU composites for 3D or 4D 
printing shows good progress, as indicated by various research results 
for potential applications in biomedical engineering and electronic de-
vices, several challenges still remain concurrently. First of all, printed 
PU/SMPU composites fabricated by FDM typically generate anisotropic 
effect on printed parts. Besides, this 3D printing technique also yields 
printed components with poor accuracy and rough surface finish. These 
drawbacks may be solved by incorporating post-processing methods (e. 
g. heat treatment, sanding and polishing). Secondly, material clogging 
sometimes occurred in FDM. It could be overcome by decreasing the 
filler content and optimising printing parameters in order to allow the 
filaments to be ejected through a nozzle tip facilely and deposited onto 
the build platform layer by layer. The third challenge is related to filler 
agglomeration in polymer matrix. This issue could be tackled by 
implementing suitable mixing methods or using additional materials to 
improve adhesion between fillers and the matrix. Accordingly, it may 
further enhance filler dispersion level in the matrix. The next challenge 
is filament buckling caused by low stiffness of the filaments. It may be 
tackled by increasing the filler content to enhance the elastic modulus of 
filaments. However, when the filler content is too high, it could give rise 
to material clogging in the nozzle. The last challenge is that the struc-
tures of printed PU/SMPU composites resulting from 3D printing are 

Table 9 
Applications and challenges of 3D or 4D printing of smart PU in electronics.  

Method Materials Application Challenges Ref. 

FDM TPU/MWCNT Stretchable organic 
thermoelectric generator 

The printed samples exhibited an anisotropic electrical conductivity [58] 

FDM TPU/MWCNT Strain sensor The transverse sensor response was much lower than what was demonstrated by the axial sensor [26] 
FDM TPU/MWCNT Sensor The stress-strain relationship may vary significantly when repeatedly loaded to large strain [62] 
FDM TPU/MWCNT Flexible sensor The printed samples inherited the piezoresistivity anisotropy [65] 
FDM TPU/MWCNT/ 

AgNP 
Flexible sensor Without the presence of AgNP, the numerous CNT agglomeration in the TPU matrix occurred that 

lowered the sensitivity and linearity of the printed composites 
[67] 

FDM TPU/hBN Sensor The printed samples inherited anisotropic properties from hBN filler [64] 
FDM SMPU/MWCNT Sensor Technical issues, such as material clogging, frequently occurred so that it consumed much time and 

labour 
[125] 

FDM SMPU/CB Sensor The incorporation of CB decreased the composite elongation up to 50% [126] 
FDM SMPU/WF/EPDM-g- 

MAH 
Soft robotics, flexible 
electronics, sensors 

The increasing content of ethylene- propylene- diene- monomer grafted maleic anhydride (EPDM- g- 
MAH) over 4% lowered both tensile strength and elongation of the printed samples 

[128] 

SLS TPU/CNT Flexible circuit, wearable 
devices 

The increasing of CNT content decreased the tensile strength of the composite samples due to the 
incomplete coalescence of polymer particles 

[68] 

SLS TPU/SWCNT Flexible piezoresistive sensor The increasing of SWCNT content declined the tensile strength [69] 
DLP  • PU/polyaniline 

(PANI)  
• PU/graphene 

sheet (GS) 

Antistatic materials, sensors The effect of PANI addition to tensile strength and Young’s modulus of the composite samples was not 
significant 

[70]  
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commonly categorised as the prototype rather than functional objects 
due to poor accuracy, rough surface finish, low mechanical strength and 
other disadvantageous properties. Therefore, it requires some efforts to 
warrant the quality of printed parts. The hybrid manufacturing methods, 
post-processing and use of new materials may be necessary to overcome 
such deficiencies. 

3D or 4D printing of smart PU composites has made rapid progress 
till now. It is indicated by the growing number of studies related to this 
subject that have been performed by researchers in recent years. Even 
though most printed PU or SMPU composites are still in prototype form, 
they show a good potential to become the functional objects in the near 
future, especially for biomedical engineering and electronic applica-
tions. Furthermore, 3D or 4D printing of smart PU composites has a good 
opportunity to be implemented in garment or textile applications to 
fabricate smart clothing with the ability to adjust its insulating proper-
ties in response to temperature changes where SMPU capability is pre-
dominant. The filler inclusion such as nylon in SMPU matrix could 
enhance the mechanical strength while maintaining the flexibility of 
resulting composite structures. 
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