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A B S T R A C T   

Additive manufacturing (AM) is recently imposing as a fast, reliable, and highly flexible solution to process 
various materials, that range from metals to polymers, to achieve a broad variety of customized end-goods 
without involving the injection molding process. The employment of biomaterials is of utmost relevance as 
the environmental footprint of the process and, consequently, of the end-goods is significantly decreased. Ad-
ditive manufacturing can provide, in particular, an all-in-one platform to fabricate complex-shaped biobased 
items such as bone implants or biomedical devices, that would be, otherwise, extremely troublesome and costly 
to achieve. Polyhydroxyalkanoates (PHAs) is an emerging class of biobased and biodegradable polymeric ma-
terials achievable by fermentation from bacteria. There are some promising scientific and technical reports on 
the manufacturing of several commodities in PHAs by additive manufacturing. However, many challenges must 
still be faced in order to expand further the use of PHAs. In this framework, the present work reviews and 
classifies the relevant papers focused on the design and development of PHAs for different 3D printing techniques 
and overviews the most recent applications of this approach.   

1. Introduction 

Additive manufacturing (AM) or 3D printing is a reliable and quickly 
growing fabrication technique to manufacture customized or smart 
items even with complex shapes as well as multi-purpose devices that 
can boast several functionalities [1]. It is a common process that allows 
rapid prototyping or significantly improves production effectiveness by 
saving both on investment costs and on the costs required for running 
the process. Accordingly, AM is attracting a lot of attention, particularly, 
in the implementation of the Industry 4.0 plan of many European 
countries. AM ensures many benefits in terms of production flexibility, 
especially with reference to the reduced times and costs normally 
required for starting the manufacturing cycle of new concept products 
[2,3]. AM technology can be employed for a broad range of materials, 
particularly metals [4], and polymers [5]. Indeed, polymers are the most 
widely used class of materials in the AM industries so far and this is due 
to the lower price and extensive applications domains [6]. 

Biobased and biodegradable polymers have attracted extensive 
attention in recent years, due to the ever-increasing interest in sustain-
able development [7–9]. Environmental threats and resource limitations 
are the main issues that are associated with the widespread use of fuel- 
based polymers. Moreover, in some special cases (i.e., in biomedical 
applications), the use of biopolymers is unavoidable because of their 
biodegradability, biocompatibility, and non-toxicity [10–13]. The par-
adigms of the circular economy have, therefore, aligned the developed 
countries in a common effort to replace old, pollutant, and unsustainable 
processes based on the so-called linear economy (non-renewable 
resource to waste) with newly developed, low-impact, and modern 
processes based on recycling and reduction of waste to aspire to the 
creation of a fair and greener future for the new generations [14,15]. In 
this respect, the manufacturing of biobased and biodegradable polymers 
still experiences early stages of development; therefore, a long road 
should be paved to make biobased resins directed toward the global 
plastic market. Biobased polymers occupy a small but quickly increasing 
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niche of the global plastic market. In 2019, the production of biobased 
polymers averaged 2 million tons, which is nearly 0.5% of the overall 
plastic manufactured worldwide (400 million tons). In 2024, the overall 
amount of biobased polymers is expected to increase, at least, to 3.1 (of 
which, 1.7 biodegradable) million tons [16]. 

Among various types of biopolymers, poly(lactic acid) PLA is known 
as the most promising biopolymer used in AM. PLA comes from the 
fermentation of sugars to generate lactic acid (LA), which is subse-
quently polymerized to a pre-polymer with a low molecular weight. A 
catalytic reaction lets the transformation of prepolymer to lactide, which 
is purified before being polymerized to PLA [17,18]. The main bio-
resource in the production of PLA is currently corn, potato, and wheat 
or, more effectively, sugar cane and beet. Nevertheless, the industrial 
use of food-related resources, as it happens in the manufacturing of 
bioplastics, is controversial [19–21]. The risk of the progressive con-
version of soil, otherwise destined for the cultivation of crops to obtain 
food, for the production of plastics, the use of genetically modified 
crops, the intensive use of pesticides, the possible exploitation of 
manpower poses serious doubts on ethics of the manufacturing cycle of 
PLA and, more generally, of all biopolymers that require the use of large 
quantities of feedstock and chemical synthesis to be achieved. In 2019, 
however, only 517,400 ha (0.004% of the global land area) was involved 
in the manufacturing of carbohydrates (sugar and starch) necessary to 
manufacture bioplastics. In 2024, this number is expected to increase to 
819,000 ha (0.006% of the global land area). Converting all the plastics 
to bioplastics would determine 100,000,000 ha would be involved in the 
manufacturing of feedstocks, where the overall arable land is over 1,4 
billion ha (7% of the global arable land) [16]. 

According to an analysis of patents, it seems that the development of 
PLA and its commercialization will slow down in the near future [22]. In 
recent years, research on naturally driven biopolymers gained from 
micro-organism driven fermentation has undergone an accelerating 
trend. Polyhydroxyalkanoates (PHAs) are a large class of polyester, 

being similar to PLA. However, they exhibit different physical properties 
due to their lower glass transition temperature (Tg) compared with PLA. 
They are known as the second generation of bio-polyesters [23–25]. 
From a sustainability standpoint, PHAs might be a better candidate for 
AM thanks to their production route that mostly relies on micro- 
organism fermentation. Notably, PHAs are fully biodegradable 
compared with PLA, especially in drastic conditions, that is, when the 
PHA-based materials are released on soil or in the aquatic environment, 
whereas PLA is, instead, very persistent [26,27]. An additional advan-
tage of PHAs is the multitude of their structure with a broad range of 
properties, that can be customized according to the specific needs of the 
end-products [24]. On the other side, the mass-production of PHAs is 
still not cost-effective and their market just entered into the growth 
phase, with first large-scale manufactures that are proposing their first 
commercial grades. In particular, Kaneka Belgium NV is launching the 
Kaneka biodegradable polymer, poly(3-hydroxybutyrate-co-3-hydrox-
yhexanoate) PHBH®. It is available in the different grades that differ for 
their molecular weights and, therefore, for their industrial applications 
through different process methods, basically, injection molding, cast 
extrusion, and thermoforming. The material is proposed at 6.25 Euros/ 
kg. Danimer Scientific is proposing generic PHA grades that are manu-
factured in their industrial plants in Winchester, KY (USA) to selected 
customers. They advertise commercial grades suitable for the fabrica-
tion of disposable items, but even for the fabrication of selected durable 
items like seals, labels, glues, and more. Nowadays, Kaneka and Danimer 
are the bigger players on the market, with some more players emerging 
all over the world and, especially, in the Far East. However, the global 
production capability of PHAs, although continuously expanding, is 
limited to a mere 10,000 tons or less, therefore only niche applications 
can be covered. Furthermore, the yield of feedstocks in PHAs is still 
rather limited (surely, less effective if compared with PLA) and there is 
still much to do to improve overall manufacturing effectiveness to make 
this interesting class of polymers very competitive in different market 

Fig. 1. Polyhydroxyalkanoate applications including packaging, medical bioimplants, food-friendly films, agriculture biofuel, drug delivery, tissue engineering, etc.  
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segments. Additive manufacturing is certainly one of the highest po-
tential technology to exploit all the benefits of the PHAs, which could be 
used for architectural prototyping and light manufacturing of end-goods 
that must biodegrade in a sensitive environment like on soil or in aquatic 
environments [28]. In this framework, this short review deals with the 
applications of PHA polymers in the AM industry and reports the recent 
achievements and applications of PHAs using 3D printing technology. 

2. Polyhydroxyalkanoates biopolymers 

PHAs are biobased polymers obtained from bacterial fermentation. 
Their advantages are numerous including biodegradability, high 
biocompatibility, and their availability from renewable resources 
[29–33]. Their biosynthesis takes place in low concentrations of nitro-
gen, phosphorus, oxygen, or magnesium and an excess of carbon. Fig. 1 
represents the common applications of PHAs in the market including 
packaging, medical bioimplants, food-friendly films, agriculture biofuel, 
drug delivery, tissue engineering [34–37]. There is a wide variety of 
PHAs used in research including poly(3-hydroxybutyrate) (P3HB), poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV), poly(3- 
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx), and poly-4- 
hydroxybutyrate (P4HB). 

The biosynthesis of PHAs is achieved by enzymes, the PHA poly-
merases. There are several types of stereospecific enzymes, depending 
on the type of bacterial strain, allowing the production of a stereoregular 

polymer with an asymmetric carbon of configuration (R) in the main 
chain [38,39]. Since all the repeating units have the same configuration, 
the polymer is perfectly isotactic, which gives it a semi-crystalline 
character. PHAs are completely biodegradable which is facilitated by 
the PHA depolymerization process. Depending on the nature of the 
substrate and the strain used for the synthesis, several types of PHAs can 
be produced with different side chains length as shown in Fig. 2. There 
are 3 types of PHAs including;  

• PHAs with short side chains, scl-PHA (short-chain length-PHA), have 
1 to 3 carbon atoms in their side chain.  

• PHAs with medium side chains, mcl-PHA (medium-chain length- 
PHA) comprising an R group consisting of 4 to 9 carbon atoms.  

• PHAs with long side chains, lcl-PHA (long-chain length-PHA) 
comprising an R group consisting of 10 to 14 carbon atoms. 

Depending on the number of carbon atoms in the lateral chain, PHAs 
may be brittle or may have a behavior much closer to elastomers [40]. 
Scl-PHA shows high stiffness and brittleness in relation to their high 
crystallinity (50–80%). 

Currently, more than 150 different monomeric units are known, 
making it possible to produce PHAs with various properties. PHAs are 
semi-crystalline polymers and their thermal properties change with the 
nature of the monomer unit as shown in Table 1. These polymers consist 
of an amorphous and a crystalline part which acts as a physical cross-
linking point [41]. Their Tg are between − 35 ◦C and 10 ◦C and their 
melting points (Tm) are between 49 ◦C and 177 ◦C [42]. By varying the 
composition of the PHAs, it is possible to modify their Tg and Tm. The 
introduction of 25% of 3-hydroxyvalerate (3-HV) units in PHB thus re-
duces the Tm from 177 ◦C to 137 ◦C. However, the degree of crystallinity 
remains unchanged because the two monomers can co-crystallize. 

Numerous studies demonstrated that PHB and PHBHV are sensitive 
to thermal degradation during processing through a chain-scission 
mechanism involving a transition state with removal of the hydrogen 
atom in β position [44], as presented in Fig. 3. The polymer degradation 
leads to the decrease in the molar mass due to the formation of crotonic 
acid and oligomers [45]. 

The thermal depolymerization of PHBV is described by Xiang et al. 
[46]. PHBV depolymerization is controlled by a random β-elimination 
reaction that involves a transition state of a ring with six members. On 

Fig. 2. The formula of PHAs.  

Table 1 
Thermal properties of P(3-HA)s [43].  

Composition (% mol) Tg (◦C) Tm (◦C) Crystallinity (%) 

3-HB 3-HO 3-HV 3-HH 

100 – – –  10  177  60 
97 – 3 –  8  170  59 
80 – 20 –  − 1  145  56 
75 – 25 –  − 6  137  54 
97 – – 3  − 4  177  42 
90 – – 10  − 1  127  35 
80 – – 20  4  52  18 
– 100 – –  − 38  49  25 
– 88 – 12  − 35  61  30  

Fig. 3. Thermal degradation of PHAs by β-scission.  
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one side, the carbon at α-position with respect to the ester oxygen has a 
strong electron-donating feature. On the other side, the adjoining 
methylene group at the β-position with respect to the ester oxygen 
feature a so-called negative inductive effect [44]. During the initial steps 
of thermal depolymerization, the low molecular weight PHBV and PHBV 
with crotonate end group are generated by chain scission. No relevant 
weight loss of PHBV occurs, but a decrease in molecular weight is 
observed. Nishida et al. found that the internal random scission at chain 
ends is accelerated by the adjoining effect on the frequency factor [45]. 
This acceleration induces the generation of crotonic acid and a new 
crotonyl chain end. A significant decrease in molecular weight takes 
place, with many oligomers being generated. The crotonic acid and a 
range of oligomers may be further destructured into propylene, CO2, 
acetaldehyde, and ketene. Accordingly, the proposed thermal 

degradation mechanism of PHBV is reported in Fig. 4. 
Table 2 shows various properties of PHA biopolymers depending on 

the nature and composition of monomers. The mechanical properties of 
PHB such as Young's modulus E (3.5 GPa) and tensile strength (40 MPa) 
are close to those of polypropylene (1.7 GPa and 38 MPa). However, 
PHB has a very low elongation at break (4% against 400% for PP). The 
fragile behavior of PHB can be explained by the formation of very large 
spherulites during its crystallization. PHBHV copolymers have proper-
ties closer to those of low-density polyethylene (LDPE). The presence of 
a valerate unit makes the material more flexible and less brittle, for 
example, 20% of valerate units increase the elongation at break from 4 
to 50%. 

One of the most attractive properties of PHAs is their complete 
biodegradability within three to nine months. A large number of aerobic 
and anaerobic bacteria and fungi are able to degrade PHAs thanks to 
their PHA depolymerizes. The rate of biodegradation depends on many 
factors including the microbial population, the environment, tempera-
ture, but also the properties of the polymer to be degraded [47]. In 
aerobics, the end products of degradation are CO2 and water. Under 
anaerobic conditions, methane is also produced [48]. PHAs degrade into 
non-toxic oligomers being suitable candidates for in vivo use in medical 
applications. Chemical modification reactions carried out on PHAs allow 
access to novel chemical structures and broaden the range of these 
biodegradable and biocompatible polyesters [49]. PHB and its PHBHV 
copolymers are well tolerated by tissues when implanted under the skin 
of mice or in the muscles since no abscess formation or necrosis of the 
surrounding tissues is observed [50,51]. The biocompatibility of PHB is 
explained by the presence of R-3-hydroxybutyric acid in the blood at 
concentrations between 0.3 and 1.3 mM for the monomer and 0.6 and 

Fig. 4. Thermal degradation of PHBV by β-scission. 
Reproduced/adapted with permission from [46]. Copyright (2016, Elsevier). 

Table 2 
Mechanical properties of P(3-HA)s [42] (E: Young's modulus, σ: tensile strength, 
ε: elongation at break).  

Composition (% mol) E (GPa) σ (MPa) ε (%) 

3-HB 3-HO 3-HV 3-HHx 

100 – – –  3.5 40 4 
97 – 3 –  2.9 38 5 
80 – 20 –  1.2 32 50 
75 – 25 –  0.7 30 – 
97 – – 3  0.63 43 6 
90 – – 10  0.23 21 400 
80 – – 20  0.15 20 850 
– 100 – –  0.017 – 300 
– 88 – 12  0.008 9 380  
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18.2 mg/L for the oligomers [52–56]. Additionally, PHB oligomers have 
also been detected in aortic tissue in humans [57]. 

3. Printing techniques 

3D printing technology is a layer-by-layer process that can be used 
for the fabrication of highly complex and specific devices from macro to 
micro range [58,59]. In recent years, AM technology has been improved 
rapidly in various fields and industrial domains, as well as biomaterials 
[13], pharmaceutics and medical [60,61], aerospace [62,63], artworks, 
smart devices, and so on, for both metal and polymer materials 
[17,64,65]. The application of the 3D printing process in tissue engi-
neering, which is in the category of bioprinting, has produced a lot of 
significant results in biomedical implants for bone, blood vessels, tissue, 
etc. [66–68]. PHAs family has a great potential to be applied in the 3D 
printing of biobased devices due to their biodegradability and non-
toxicity which make them a great candidate for the fabrication of im-
plants and bio-devices with direct contact with the human body 
[69–72]. Nevertheless, PHA filaments are not as performant as those in 
PLA which normally can be applied in the manufacturing of a wide 
range of biobased end-goods with high mechanical properties [73]. 
Therefore, PHAs are mostly blended with other polymers/natural fibers 
to create enhanced properties as the printing filaments [74–77]. An 
updated overview of the main printing techniques for PHA biopolymers 

including fused deposition modeling (FDM), selective laser sintering 
(SLS), Computer-aided wet-spinning (CAWS), and Stereolithography 
(SLA) is hereby reported. More specifically, an overview of the current 
AM technologies for PHAs is given in Table 3. 

3.1. Fused deposition modeling (FDM) 

FDM system (or Fused Filament Fabrication-FFF) is an advanced 
technology, which is widely used for printing polymeric materials such 
as polylactic acid (PLA), acrylic butadiene styrene (ABS), polyethylene 
terephthalate (PET), Nylon, and so on. In FDM, the thermoplastic fila-
ments are extruded through one or more printing nozzles (above the 
melting temperature of the filament) to fabricate a 3D object by a layer- 
by-layer deposition technique. The underlying layer cools and rapidly 
hardens after being deposited and, in this way, it can bond with the 
overlying layer that is deposited immediately after on it. FDM is already 
the most used technique among the others because of the low cost of the 
printer and easy processing [40,96]. However, finding the optimal pa-
rameters in polymer printing, that is, nozzle temperature, printing speed 
as well as any post-processing parameters is extremely challenging 
[97,98]. Fig. 5 illustrates the FDM components with its dual printing 
nozzles system. 

FDM printing is also applicable as an advancing technology for the 
fabrication of end goods in PHA. It is mainly used for the 3D printing of 

Table 3 
An overview on 3D printing techniques for PHA biopolymers (*PF: palm fiber, PHA-g-MA: maleic anhydride-grafted polyhydroxyalkanoate, TPF: coupling agent- 
treated palm fiber, sss: siliceous sponge spicules, PHA-g-AA: Acrylic acid (AA)-grafted polyhydroxyalkanoate, NCF: fibrillated nanocellulose, NC: cellulose nano-
crystals, RS: regenerated silk, Ca–P: calcium phosphate, PHOH: polyhydroxyoctanoate, PHBHHx: poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]).  

Material Printing 
technique 

Printing parameters Mechanical properties Application References Year 

PHA/PF, PHA- 
g-MA/TPF* 

FDM Fabrication temperature of 130–140 ◦C, 
screw rotation rate of 50 rpm 

Tensile strength of 10–25 MPa Bio-products [78]  2017 

PHA/SSS, PHA- 
g-AA/SSS* 

FDM N/A Tensile strength of 10–25 MPa, Young modulus 
of 300–400 MPa 

Artificial bone [79]  2018 

PLA/PHA FDM Nozzle temperature of 195–200 ◦C, 
printing speed of 50–70 mm/s 

Storage modulus of 3–4 GPa, Young modulus 
of 900–1700 Mpa 

Scaffolds for tissue 
engineering 

[75]  2018 

PHB/lignin FDM Nozzle temperature 190 ◦C, printing 
speed of 1500 mm/min 

Storage modulus of 1.7–4.1 GPa 
Shear viscosity of 150.8Pa.s ± 15.4Pa.s 
(50:50), 105.1Pa.s ± 3.3Pa.s (10:90), 
104.2Pa.s ± 12Pa.s (20:80) 

Wood industry [80]  2019 

PHBH/NCF* FDM Temperature profile of 180–200 ◦C Yielding stress of 17–23 MPa 
Elastic modulus of 897–1014 MPa 

N/A [81]  2019 

PLA/PHB/NC* FDM Printing temperature of 200 ◦C, printing 
speed of 2000 mm/min 

Storage modulus of 3–6 GPa Biobased products [82]  2020 

PHBH* FDM Nozzle temperature of 170 ◦C, printing 
speed of 5 mm/s 

Storage modulus of 1 GPa Medical device [36]  2020 

PHB/PLA FDM Nozzle temperature of 180–195 ◦C, 
printing speed of 40 mm/s 

Tensile strength of 40–44 MPa Biomedical field [83]  2020 

PLA/PHA FDM Printing speed of 40 mm/s, nozzle 
temperature of 200–240 ◦C 

N/A Biomedical field [84]  2020 

WF/PHA FDM Screw speed of 80 rpm, feed speed of 15 
rpm, and die temperature of 170 ◦C. 

Tensile strength of 38.7 MPa and flexural 
strength of 77.3 MPa 

Packaging industry [85]  2021 

PHBV/RS* FDM Spindle speed of 15 rpm, needle diameter 
of 0.8 mm 

Maximum loading of 2 N Piezoelectric device [86]  2021 

PHBV/Ca–P* SLS Laser power of 15 w, scan speed of 1257 
mm/s2 

Compressive strength of 0.55 MPa Bone scaffold [87,88]  2010 

PHBV, PHBV/ 
Ca–P* 

SLS Laser power of 10–15 W, scanning speed 
of 0.15–0.25 mm 

Compressive strength for Ca–P/PHBV sample 
of 0.24 ± 0.02 MPa and for PHBV sample of 
0.19 ± 0.02 MPA 

Tissue engineering 
scaffolds 

[89]  2011 

PHB SLS Laser power of 16 W, laser scan speed of 
2000 mm/s, laser beam spot of 450 mm 

N/A Biomedical, scaffolds 
for tissue engineering 

[90]  2012 

PHB SLS Bed temperature of 100 ◦C, laser power of 
10 W, laser beam speed of 2000 mm/s 

Compressive strength of 1.7 MPa for powder 
layer thickness of 0.08 mm. 

Bone tissue engineering [91]  2012 

P4HB/PHOH* SLA N/A N/A Heart valve [92]  2002 
PHBHHx CAWS solution feed rate of 0.3–0.5 mL/h, 

deposition velocity of 300 mm/min 
Yielding stress of 0.39–0.49 MPa 
Compressive modulus of 0.71–1.4 MPa 

Scaffold [93]  2017 

PHBHHx/PCL CAWS Feed rate of 0.5–1 mL/h, deposition 
velocity of 300–560 mm/min, fiber 
diameter 88–120 μm 

Yielding stress of 0.18–0.36 MPa 
Compressive modulus of 0.16–0.39 MPa 

3D porous scaffolds [94]  2017 

PHBHHx CAWS Deposition velocity of 600 mm/min, feed 
rate of 0.3 ml/h 

Yielding stress of 0.3 MPa 
Tensile modulus of 2–6 MPa 

Scaffold [95]  2020  
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PHA scaffolds with excellent biodegradability and biocompatibility 
properties [28,71,100,101]. There are various research studies on the 
fabrication of PHA filaments in combination with other materials. For 
example, Wu et al. [78] investigated 3D printing of PHBV/palm fibers 
(PF) composite using the FDM system. As the first step, they produced 
the printing filaments with a diameter of 1.75 ± 0.05 mm using an 
extruder at 130–140 ◦C. The fabricated filament showed a good adhe-
sion at polymer-filler interface without phase separation and also better 
mechanical properties. Biodegradability was comparable to 100% PHBV 
polymer. Fig. 6 provides a schematic of the fabrication of PHA/PF fila-
ments and the applications in the 3D printing process. Compatibilization 
between PHBV and fillers was investigated in [102]. The authors re-
ported a higher tensile strength and antibacterial properties for 3D 
printing filaments in PHBV-grafted-maleic anhydride (MA)/wood flour 
(WF) composites. The tensile strength increased 6–18 MPa if compared 
with the values found on the untreated composites. Tian et al. [85] also 

fabricated PHA/WF samples using a micro-screw extrusion-based FDM 
system. The printed sample did not exhibit warpage. As a result, they 
achieved very high mechanical performance, with tensile and flexural 
strengths averaging 38.7 MPa and 77.3 MPa, respectively. 

Wu et al. [79] reported another composite of PHA blended with 
siliceous sponge spicules (SSS) for the 3D printing process. As shown in 
Fig. 7, Acrylic acid (AA) was grafted on PHA to compatibilize SSS during 
the blending process. The experimental results proved that the me-
chanical and microstructural properties of the fabricated sample were 
significantly improved. Specifically, PHA-g-AA/SSS composites 
revealed a better tensile strength, Young's modulus, and water-resistant 
than PHA/SSS composites [79]. 

Fig. 8 exemplifies the production process of PHA/SSS filaments for 
the manufacturing of bone implants. Similarly, 3D printing of pure PHB 
biopolymers is challenging and the fabricated products have high 
warpage that makes the final parts highly defective. Therefore, blending 
PHB biopolymer with other polymers or the addition in it of fillers, 
compatibilizers or rheological modifiers can be a good solution to 
improve the mechanical and microstructural properties of the PHB 
blend [36,86]. There are several studies on this topic that provide very 
helpful solutions to enhance thermo-mechanical properties and print-
ability of the PHA class of materials by blending [75,83,84,103]. 
However, it should be noticed that the addition of a second material (i.e. 
filler, polymer, chain extender, compatibilizer, natural fiber, etc.) 
modify the biodegradability of PHA [104] since these additives can 
modify the crystallinity or inhibit the enzymatic action or microbial 
growth. It has been reported that the biodegradation is accelerated in 
presence of some additives [105] and for some other cases is inhibited or 
decelerated [106]. Therefore, it is of high importance to take into ac-
count this parameter in function of applications. 

Vaidya et al. [80] reported the combination of polyhydroxy butyrate 
(PHB) with biorefined lignin and Pinus radiata wood pulp to manufac-
ture filaments. This study showed that PHB composite containing bio-
refined lignin can boast a high hydrophobic effect. Adding 20% filler 
inside the PHB can change the melt viscosity of the resulting blend and 
effectively improve the printing process and the resulting samples. As 
shown in Fig. 8, adding 20% of biorefined lignin to PHB, the resulting 
printed components present 34–78% less warpage when compared to 
the same samples printed in as-is PHB. 

Frone et al. [82] investigated a blend of PHB, PLA, and cellulose 
nanocrystals (NC) in FDM. First, they synthesized NC from plum seeds 
shells, then added it to PHB and PLA blend. After that, by extrusion 
compounding the fabricated the PHB/PLA/NC filaments. These fila-
ments were successfully used to print some mesh samples. The cellulose 
improved both dispersion and adhesion between PHB and PLA constit-
uents in the blend. NC led to a better formation of cross-linked structures 
and interfacial adhesion in the engineered material. The whole process, 

Fig. 5. FDM/FFF 3D-printing techniques use one or more nozzle heads that 
thermally melt the polymeric filaments and build the designed object layer-by- 
layer. The preheated platform can efficiently increase the adhesion between the 
primary layers, and consequently improves the quality of the printed object. 
Reproduced/adapted with permission from [99]. Copyright (2021, Elsevier). 

Fig. 6. Schematic illustration of PHA and PF blend preparation and processing of filament and 3D printed biobased product. 
Reproduced/adapted with permission from [78]. Copyright (2017, Elsevier). 
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from material preparation to filament and printing processes, is shown 
in Fig. 9. In a similar approach, Valentini et al. [81] also extruded 
biodegradable composite filaments, made of poly(3-hydroxybutyrate- 
co-3-hydroxyhexanoate)(PHBHHx) and fibrillated nanocellulose (NCF). 
The results proved a good dispersion of NCF in the matrix. Samples 
printed by FDM showed improved mechanical properties. Notably, NCF 
did not change the thermal degradation behavior of the materials. 
Furthermore, glass and melting temperatures were not influenced by 
adding NCF into the PHB/PLA blend. 

3.2. Selective laser sintering (SLS) 

SLS printing is a powder bed fusion (PBF) technology that can be 

used for the fabrication of polymeric parts. Fig. 10 described the basics 
of the SLS 3D printing process. In this method, the laser beam has a 
major role to melt selectively the polymer powder, based on a pre-
defined CAD model. In this way, a first thin layer is created. After that, a 
new layer is fabricated on top of the previous one, by concurrent a 
heating and sintering process. This procedure is repeated until the part is 
completely fabricated [107]. 

SLS printing method has a great potential to be applied for the 
fabrication of high-quality and sophisticated porous scaffolds with 
complex designs [108,109]. This technique is also applicable for the 
fabrication of PHA products, especially when PHAs are engineered in 
blends. PHA implants show better stability and pH value during 
biodegradation compared to the other clinically used materials, such as 

Fig. 7. Schematic illustration of PHA and SSS blend preparation and processing of filament and 3D printed bone implant. 
Reproduced/adapted with permission from [79]. Copyright (2018, Elsevier). 

Fig. 8. Top and side views of 3D printed PHB and PHB/Lignin samples with different rates of warpage. 
Reproduced/adapted with permission from [80]. Copyright (2019, Elsevier). 
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Fig. 9. Schematic illustration of PHB and PLA blend preparation and processing of filament and 3D printed meshes [82].  

Fig. 10. Schematic of SLS 3D printing process which locally fuses the polymer powder on a preheated platform and accordingly improves the mechanical and 
microstructural properties of the fabricated parts. 
Reproduced/adapted with permission from [99]. Copyright (2021, Elsevier). 
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PLA, polyglycolide (PGA), poly lactic-co-glycolic acid (PLGA), etc., 
which make them a very good option and well-tolerated by immune 
systems and cells. Therefore, 3D printing is a very suitable and rapid 
production method to be applied for the so-called dissolving implants 
[110,111]. 

Duan et al. [87,89] applied the SLS system for the fabrication of 3D 
scaffolds with an extra-cellular matrix (ECM) structure that supports cell 
proliferation and adhesion. Fig. 11(a) exemplifies that CAD design of the 
3D scaffold. They used a blend of PHBV and nano-sized calcium phos-
phate (Ca-P) fillers for the fabrication of complex shape porous scaffolds. 

Ca–P/PHBV nanocomposite scaffold was modified physically using 
gelatin to improve the wettability of the structure and consequently 
increase the growth factor in recombinant human bone. Fig. 11(b) il-
lustrates the fabricated Ca–P/PHBV nanocomposite scaffolds using the 
SLS system. In general, there are some advantages of this process as 
follows: (i) the nano-dimension of the structure provides a better cell 
response so that they can grow up faster; (ii) the nano-sized structure 
can also be helpful for the dispersion of the nano-filters; (iii) SLS can 
easily fabricate this porous structure at a micro-scale [88]. Fig. 11(c-d) 
shows the microstructure of the fabricated Ca–P/PHBV samples [88]. 

Fig. 11. 3D printing of PHB porous scaffolds produced by SLS printer; (a) CAD model of a porous scaffold, (b) SLS printed sample (scale bars = 1 mm), (c-d) 
microstructural views of Ca–P/PHBV scaffold samples (scale bar, 200 μm, and 20 μm). 
Reproduced from Ref. [88], Copyright (2010, Elsevier). 

Fig. 12. (a) Schematic of CAWS apparatus including injection syringe, polymeric solution, and coagulation bath; (b) view of the fabricated scaffolds 1-PHBHHx, 2- 
PHBHHx/PCL (3:1), 3-PHBHHx/PCL (2:1), 4-PHBHHx/PCL (1:1); (c) compression strength of the fabricated samples; (d-e) SEM micrography for samples 1 and 2 
from top and cross-section views. 
Reproduced from Ref. [94]. 
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In another study, Pereira et al. [91] also designed and fabricated PHB 
porous scaffolds using an SLS printing system. They investigated the 
influence of powder layer thickness (PLT) and also scan speed on the 
microstructure and mechanical properties of the fabricated samples. 
They study reported that using lower layer thickness (0.08 mm), supe-
rior mechanical properties can be achieved. Although the PHB powders 
were recycled for 3 printing rounds, the results interestingly proved that 
the recycled powders did not change any chemical or thermal properties 
in the printed samples. Therefore, the recyclability of the powder makes 
it an economic and environmentally friendly choice compared to the 
conventional manufacturing process. 

3.3. Computer-aided wet-spinning (CAWS) 

CAWS is a combination of AM with wet spinning that can precisely 
control the fiber deposition by a layer-by-layer technology and allows 
the fabrication of an external structure or an internal architecture 
[112–114]. It is a successful example of a hybrid AM technique that can 
be applied for the processing of PHA biobased polymers, as well 
[115,116]. Fig. 12(a) represents a schematic of the CAWS technique, 
also showing a polymeric solution (e.g. chloroform or tetrahydrofuran 
suspension of PHBHHx) and a coagulation bath (e.g. ethanol) [93,117]. 
In this process, polymer solidification causes the formation of a poly-
meric matrix with a porous network. The size of the network can be 
accurately controlled during the deposition process [95,118]. 

Puppi et al. [94] reported the application of the CAWS technique for 
the fabrication of PHBHHx biomedical scaffolds. They also used poly-
caprolactone (PCL) as a copolymer with different weight ratios (1:1, 2:1, 
and 3:1) in the blend in order to optimize the manufacturing process and 
improve the mechanical properties of the samples. Fig. 12(b) exem-
plifies the fabricated samples with different weight ratios. As a result, 
Fig. 12(b) proves that sample PHBHHx/PCL 1:1 has superior mechanical 
strength, with a compressive modulus of 0.37 ± 0.07 MPa, compared to 
the others. Fig. 12(d-e) also show the different views of the scanning 
electron microscopy (SEM) of the fabricated PHBHHx scaffolds (samples 
1 and 2). This can be an optimal design for bone regeneration conditions 

since this structure helps the adhesion of cells into the body properly. 
Recently, a rotating mandrel is used in the CAWS process to fabricate 
very small caliber stents made of PHBHHx biodegradable polymer [93]. 

3.4. Stereolithography (SLA) 

SLA technology is one of the pioneering 3D printing methods that can 
allow the fabrication of parts or products using a photochemical process. 
In this technology, a UV laser is used to crosslink the chemical mono-
mers and polymerize the photocurable resin. Therefore, laser irradiation 
leads to the growth of a two-dimensional patterned layer. After the first 
step, the printing platform moves, and an overlying layer can be created. 
By iteration, SLA can fabricate the whole product by a layer-by-layer 
process [99]. 

PHAs are also a very attractive class of biopolymers for the fabrica-
tion of tissue-engineered heart valves [119–123]. The main reason 
would be the wide mechanical properties of PHAs which is suitable for 
both hard and soft tissues [124]. Moreover, they are highly biodegrad-
able and that makes them a very good candidate in the manufacturing of 
biobased products as well as a heart valve [125,126]. 

SLA printing is a promising and accurate method in the fabrication of 
biomedical devices and tissue engineering scaffolds [127,128]. Indeed, 
it is a useful tool in orthopedic and reconstructive surgery so that the 
anatomical structures can be modeled, usually with the application of 
computed tomography scanning (CT-scan) or magnetic resonance im-
aging (MRI), and fabricated by these techniques, therefore, can be tested 
before the surgery [129]. For instance, Sodian et al. [92,130] took the 
advantage of SLA technology for the fabrication of a heart valve using 
PHA family polymer. First, they applied x-ray tomography to create the 
CAD model to manufacture a three-dimensional scaffold using P4HB and 
polyhydroxyoctanoate (PHOH) biopolymers. Fig. 13 shows the flow 
chart of the 3D printed subclavian artery from the design to the fabri-
cation process and printing of the end-goods using SLA technology. Few 
studies on SLA printing of PHA biopolymers can be found in the litera-
ture. However, Foli et al. [131] recently reported a successful synthesis 
of PHB-based curable resin that can be applied for SLA printing of 

Fig. 13. An overview of SLA technology, that creates the final product layer by layer using UV light in a photocurable resin, in the fabrication process of the 3D 
printed medical implants using SLA technology. 
Reproduced/adapted with permission from [129,99]. Copyright (2007 & 2021, Elsevier). 
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biomedical devices such as porous scaffolds and implants. 

4. Challenges and future trend 

The application of biobased materials has opened many opportu-
nities in the manufacturing of bio-products in various fields and indus-
trial domains. Among various biomaterials, PHAs are highly 
biodegradable and compostable biopolymers which make them very 
unique materials with multiple applications from packaging to the 
biomedical field [24,132–134]. Moreover, they present some advan-
tages compared with current commercially available biopolymers such 
as PLA. In fact, PLA is mainly produced from food-related resources such 
as corn, potato, etc., and from a sustainability point of view, the use of 
water and food resources to produce a biopolymer is controversial, 
while PHAs are produced in the cell of bacteria. 

A combination of PHAs and AM technology can provide great flexi-
bility in order to design and fabricate highly complex bioproducts, such 
as bone scaffolds, however, few studies have investigated this topic so 
far [126,135,136]. The main reason is the multiple challenges in the 3D 
printing process of PHAs. First, they are in the group of difficult-to-print 
materials and the fabricated objects usually show significant warpage 
after the printing process. The other issue is the low mechanical prop-
erties of the 3D printed products that make them inadequate materials 
where the material strength is an issue. The literature reveals that the 
combination of PHAs and other biomaterials, such as natural fibers, can 
considerably improve the mechanical strength and microstructural 
properties of the 3D-printed samples. This is mostly observed in the FDM 
printing process where the material can be easily manipulated by adding 
other additives to the main polymers. 

The future success of 3D printing of PHAs will critically depend on 
development in materials and fabrication technology in order to 
improve the printability of PHAs. Indeed, it is observed that, except for 
the FDM technology, only a few research groups have employed other 
printing techniques for the fabrication of PHAs' products. Besides, 
creativity in design will help to discover a wide range of applications in 
various fields and industrial sectors. Fig. 14 demonstrates the potential 
and future application of 3D printing of PHAs. As shown, the additive 
manufacturing of PHAs is applied principally in tissue engineering and 
bone scaffolds, and due to their high biodegradability, it is expected to 
be used more in biomedical devices in the future. 

5. Summary 

PHAs are a revolutionary class of biopolymers with outstanding 
properties that include biodegradability, biocompatibility, and non- 

toxicity, thus making them an ideal option for biobased parts, espe-
cially for the manufacturing of biomedical devices. 3D printing tech-
nology has opened new windows for future applications of these 
biomaterials when shape complexity and customization are issues of 
crucial relevance. This study reviewed the state-of-art 3D printing 
technology as well as the applications of additively manufactured PHAs 
components in scientific and industrial domains. Briefly, the FDM 
printing process is more popular if compared to the other printing 
technologies because of low-budget apparatus being largely available 
and easy-processability. However, finding proper PHA copolymers, 
modifying them with fillers, compatibilizers, and rheological additives 
by blending processes is still very challenging for both scientists and 
practitioners. Therefore, intense studies are necessary to evaluate 
further and improve the processability and final performance of PHA- 
based biopolymers for additive manufacturing, with tremendous po-
tential for biomedical and tissue engineering applications. 
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