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Abstract
The exponential rise of healthcare problems like human aging and road traffic accidents have developed an intrinsic challenge 
to biomedical sectors concerning the arrangement of patient-specific biomedical products. The additively manufactured 
implants and scaffolds have captured global attention over the last two decades concerning their printing quality and ease of 
manufacturing. However, the inherent challenges associated with additive manufacturing (AM) technologies, namely pro-
cess selection, level of complexity, printing speed, resolution, biomaterial choice, and consumed energy, still pose several 
limitations on their use. Recently, the whole world has faced severe supply chain disruptions of personal protective equip-
ment and basic medical facilities due to a respiratory disease known as the coronavirus (COVID-19). In this regard, local 
and global AM manufacturers have printed biomedical products to level the supply–demand equation. The potential of AM 
technologies for biomedical applications before, during, and post-COVID-19 pandemic alongwith its relation to the industry 
4.0 (I4.0) concept is discussed herein. Moreover, additive manufacturing technologies are studied in this work concerning 
their working principle, classification, materials, processing variables, output responses, merits, challenges, and biomedical 
applications. Different factors affecting the sustainable performance in AM for biomedical applications are discussed with 
more focus on the comparative examination of consumed energy to determine which process is more sustainable. The recent 
advancements in the field like 4D printing and 5D printing are useful for the successful implementation of I4.0 to combat 
any future pandemic scenario. The potential of hybrid printing, multi-materials printing, and printing with smart materials, 
has been identified as hot research areas to produce scaffolds and implants in regenerative medicine, tissue engineering, and 
orthopedic implants.
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1 Introduction

Additive manufacturing (AM) technologies are considered 
suitable manufacturing solutions for different industrial 
applications ranging from aerospace to biomedical sectors, 
even for industry 4.0. In the biomedical field, research-
ers are consistently working to fabricate functional parts 
to mimic the natural functioning of soft and hard tissues 
in the human body [1, 2]. Recently, the promising role 
of additive manufacturing to fabricate various biomedi-
cal products during the COVID-19 pandemic cannot be 
overlooked [3]. Furthermore, several works have been per-
formed to reduce energy consumption and harmful carbon 
emissions in additively manufactured products to develop 

sustainable and environmentally responsive production 
[4]. An overview of different application prospects of AM 
throughout the globe is provided in Fig. 1.

Increasing demand for implants and scaffolds has been 
evident recently because of road traffic accidents and human 
aging issues. It has arisen the need to produce extremely 
high-quality patient-specific implants to alleviate the repeat-
ing surgery, patient pain, and replacement of dysfunctional 
tissues. The conventional bone repairing techniques, like 
distraction osteogenesis and bone grafts, pose several limi-
tations [6]. Additive manufacturing technologies are con-
sidered a good choice for fabricating various customized 
medical products with net or near-net shapes in a layer-
wise manner. Typically, magnetic imaging or computed 
tomography (CT) scans are used to extract patient-specific 

Fig. 1  Different applications’ prospects of additive manufacturing or 
3D printing(3DP). a Global industrial rise of additive manufacturing 
in different countries, b influence of additive manufacturing on global 

market capture, c USA-based market share forecast in AM technolo-
gies by 2027 [5]; adopted with permission from Elsevier, Copyright 
2021 (Lic. 5181740946721)
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geometries. The merits of additively manufactured biomedi-
cal products include minimal production time, mass custom-
ization, higher productivity, and minimal post-processing 
required [7]. Numerous other positive aspects include the 
reduction in surgery repetitiveness, improved implant fixa-
tion, recovery of the natural functioning of joint kinetics, 
assistance in bone ingrowth, improved cell proliferation, 
good mechanical properties, and the repair of osteochondral 
defects [8, 9]. The additively manufactured biomedical items 
are typically used in tissue/organ repair, drug delivery, clini-
cal medicine, tissue engineering, and prosthetic implants that 
are specifically designed for the patient [7]. Thus, it can be 
argued that AM possesses a solid potential to produce a wide 
range of biomedical products. The nomenclature, includ-
ing the acronyms and their complete text abbreviations, is 
mentioned in Table 1. This work's contents and sub-contents 
have been described in a flow chart as presented in Fig. 2.

The World Health Organization (WHO) recognized 
COVID-19 as a pandemic on March 11, 2020, after the first 
verified case of the disease was reported in China in Decem-
ber 2019 [3, 10]. During this duration, COVID-19 rapidly 
spread in 188 countries, with 36.6 million infected patients 
and 1,063,000 global deaths (as investigated by Johns Hop-
kins University researchers) [3]. Due to the increased patient 
traffic, hospitals experienced supply chain disruptions for 
essential aid [11]. Specifically, patients' primary care was 

at risk in the early COVID-19 pandemic because the world 
faced shortages in primary healthcare products like personal 
protective equipment (PPE), which was a significant threat 
to patients and doctors. Healthcare systems were found to 
be in war footing condition to boost their supply of beds 
and trained workers to meet the rapid demands of medical 
supplies [12]. Also, the employees in local manufacturing 
companies were reduced due to the lockdown in many high-
risk regions worldwide [13–15]. However, the response to 
this healthcare emergency was inefficient because the local 
manufacturers have not previously experienced this much 
pandemic disaster and had difficulty fulfilling the safety reg-
ulatory standards. The key challenge during the pandemic 
was alleviating the difficulties and increasing the global sup-
ply and demand production capacity [16]. Therefore, several 
corporations around the world installed additive manufac-
turing setups to produce different biomedical products like 
face shields, housings, manikins, swabs, N95 respirators, 
and surgical masks according to safety regulations.

The usual additively manufactured personal protective 
equipment includes face masks, valves, visors, safety gog-
gles, isolation chambers and wards, N95 respirators, ventila-
tors, continuous positive airways pressure (CPAP) machines, 
and ear savers. The highly prominent AM techniques since 
the COVID-19 pandemic to fabricate biomedical products 
include fused deposition modeling (FDM), stereolithography 

Fig. 2  Schematic flow chart of the current study including all the major contents and sub-contents to describe the work methodology
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(SLA), selective laser sintering (SLS), binder jetting (BJ), 
and multi-jet modeling (MJM) [17]. The burden on con-
ventional manufacturing technologies was reduced and the 
supply chain bottlenecks were resolved by AM technolo-
gies [18]. The safety regulatory authorities like the Food 
and Drug Administration (FDA), National Institute of Occu-
pational Safety and Health (NIOSH), and WHO helped the 
manufacturers with emergency use authorization (EUA) and 
safety instructions. The pandemic developed the opportu-
nity for AM technologies to fabricate robust and custom-
ized biomedical products to cope with shortages in supplies 
and demand [16, 18, 19]. Thus, AM possesses a key role 
in producing various biomedical products in response to 
emergencies.

The sustainable manufacturing system is the crucial goal 
of AM technologies which can be accomplished by mini-
mizing the consumed energy. The estimation of consumed 
energy in AM necessarily involves the measurement of pri-
mary and secondary energy. The energy consumption of all 
AM technologies depends on their procedural requirements 
[20]. Thus, an eco-friendly production in AM demands mini-
mum consumed energy and harmful emissions [4, 21].

This research study attempts to answer the following 
important questions: (a) how AM systems have helped 
before, during, and after the COVID-19 pandemic along-
with their conjunction with industry 4.0; (b) explain dif-
ferent ASTM-52900 standard-based additive manufactur-
ing systems concerning their working principle, materials, 
control variables, pros, cons, and biomedical applications; 
(c) classify four major 3D bioprinting techniques based on 
their working principle, materials, control variables, pros, 
cons, and applications; (d) how are AM methods suitable 
to fabricate soft and hard tissues/implants along with their 
merits, challenges, and applications; (e) what are different 
factors affecting sustainability in additive manufacturing and 
which AM technologies consume more energy; (f) discuss 
recent research frontiers in AM (4D printing and 5D print-
ing) for biomedical applications.

This work is composed of seven main sections followed 
by their sub-sections. First, there is an introduction sec-
tion to describe the summary including the background 
and importance of the study with suitable rationales. Sec-
ond, the nomenclature section is provided for all acro-
nyms and their full abbreviations. The positive role of AM 

Table 1  Acronyms and their 
abbreviations

Abbreviation Description Abbreviation Description

AM Additive manufacturing VPP VAT photopolymerization
3DBP 3D bioprinting Ec Energy consumption
FEF Freeze-form extrusion fabrication SEc Specific energy consumption
DIW Direct ink writing Ea Primary energy
SLA Stereolithography Eb Secondary energy

PPE Personal protective equipment
MJM MultiJet modeling USEIA US energy information agency
RFP Rapid freeze prototyping ASTM American standard of testing materials
SLM Selective laser melting PLA Polylactic acid
DED Directed energy deposition Et Total energy
MJ Material jetting MMC’s Metal matrix composites
IJ 3DP Inkjet 3D printing NIOSH National Institute of Occupational 

Safety and Health
EBM Electron beam melting EUA Emergency use authorization
WHO World Health Organization LAB Laser-assisted bioprinting
LENS Laser-engineered net shaping ECM Extra-cellular matrix
ME Material extrusion DOD Drop on demand
LOM Laminated object manufacturing Ti Titanium
LIFT Laser-induced forward transfer TMC’s Titanium matrix composites
GDP Gross domestic produce PEGDMA Polyethylene glycol Dimethacrylate
BJ Binder jetting I4.0 Industry 4.0
Br Build rate CPAP Continuous positive airways pressure
LDW Laser direct writing ABS Acrylonitrile Butadiene Styrene
PEEK Polyether ether ketone PETE Polyethylene
PVA Polyvinyl acetate PA Polyamide
GelMA Gelatin methacrylate PLA Polylactic acid
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before, during, and post-COVID-19 pandemic alongwith 
the correlation of AM with industry 4.0, is expressed in 
Sect. 3. The fourth section reviews the additive manu-
facturing classification for biomedical applications 
based on ASTM 52,900. Major 3D bioprinting technolo-
gies like inkjet, micro-extrusion, laser assisted, and VAT 
photopolymerization, have been discussed in Sect.  5. 
Each AM technology briefly describes its working prin-
ciple, nomenclature, biomaterials, essential variables, 
responses, pros and cons, and biomedical applications. 
The suitability of AM methods for soft and hard tissues/
constructs is also discussed in sub-sections of Sect. 5. The 
sustainability study in AM for biomedical applications 
is explained in Sect. 6 with a key focus toward energy 
consumption to determine which process is sustainable. 
The research frontiers in the field involving 4D printing 
and 5D printing for biomedical applications have been 
explained in Sect. 7. The final section concludes the sum-
mary of the whole work along with some recent research 
frontiers in the field.

2  Nomenclature

See Table 1.

3  Appreciable role of AM 
against the COVID‑19 pandemic

The additively manufactured medical products provided 
relief to the healthcare systems by alleviating the disrup-
tions in global supplies and demands. The hygienic personal 
protective equipments, like face masks, face shields, valves, 
test swabs, visors, safety goggles, isolation chambers and 
wards, N95 respirators, ventilators, continuous positive air-
ways pressure (CPAP) machines, surgery masks, ear savers, 
were additively manufactured [17]. Thus, the global rise of 
applications of AM technologies is evident in the recent era 
since the COVID-19 pandemic challenge, which is mainly 
discussed herein. The statistical significance of AM can be 
described by the % progress in various engineering sectors 
before and since the COVID-19 pandemic, as demonstrated 
in Fig. 3. The healthcare sector has progressed a lot among 
other industries to produce biomedical products during 

Fig. 3  The demonstration of 
progress in additive manufactur-
ing in various industrial sectors 
before and during the COVID-
19 pandemic (inspired from 
[22, 23])
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COVID-19, which indicates the supremacy of AM for bio-
medical applications [22, 23].

3.1  Challenges of AM for biomedical applications 
during the COVID‑19 pandemic

Additive manufacturing technologies are considered suit-
able solutions to fabricate soft and hard tissue/constructs. 
Since early 2020, the global challenge was to alleviate the 
severity of respiratory infection namely the COVID-19 
pandemic among the people. The individual governments 
adopted several big decisions and harsh steps like social 
distancing, the necessary use of face masks, and restriction 
on travel to public places. This has exponentially increased 

the demand for biomedical products [3]. Consequently, con-
ventional manufacturers faced a severe shortage of medical 
supplies for frontline healthcare workers and patients. Addi-
tive manufacturing technologies have positively contributed 
to fabricating various medical devices like personal protec-
tive equipment (PPE) to meet the shortages of local and 
global supplies [15, 24]. Thus, AM has sufficient potential 
to contribute positively during emergencies by incorporating 
mass customization in design and complexity [19]. However, 
several challenges in design, material, safety, copyright, rep-
lica, and regulatory requirements were faced by AM service 
providers. A schematic demonstration of several challenges 
being faced by the manufacturers in AM for biomedical 
applications is provided in Fig. 4.

Fig. 4  A detailed demonstration of several challenges faced by AM for biomedical applications since the COVID-19 pandemic [5]; adopted with 
permission from Elsevier, Copyright 2021 (Lic. 5181740946721)
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3.2  Promising AM techniques during the COVID‑19 
pandemic

Since the global supplies and demands were very high to 
manage the need for life-saving equipment, FDA approved 
EUA to meet the rising demand for ventilators. Several man-
ufacturers like Isinnova, Lonati, Airwolf3D, 3D systems, and 
Materialize helped the healthcare community in fabricating 
AM ventilator parts [18, 19]. Numerous polymeric materi-
als like polyether ether ketone (PEEK), polycarbonate (PC), 
polystyrene (PS), and high-density polyethylene (HDPE) 
were employed to fabricate PPE [25]. The most prominent 
AM techniques to fabricate COVID-19 pandemic-related 
biomedical products include fused deposition modeling 
(FDM), selective laser sintering (SLS), stereolithography 
(SLA), multi-jet fusion (MJF), and digital light process-
ing (DLP). However, several criteria like biocompatibility, 
disinfection procedure, and non-toxicity were considered a 
challenge to select a suitable AM type [18].

The fused deposition modeling performs working by 
melting and deposition. In the recent era, multi-head FDM 
printers print complex and intricate shapes. FDM resem-
bles conventional manufacturing techniques like injection 
molding or extrusion except that no mold is required in it 
[26]. The upward or downward movement of the support 

structure happens after the previous layer is completed [27]. 
Selective laser sintering (SLS) is a PBF technique in which 
laser energy performs layer-by-layer sintering and melting. 
MultiJet fusion (MJF) employs the fusing agent (usually ink) 
to dispense the powder for infrared light absorption. Then 
ink areas are fused to perform bonding with the polymeric 
powder through high-power infrared energy [28]. During 
the pandemic, the key AM medical products mainly com-
prise swabs, face shields, masks, and ventilators. The con-
tribution of AM technologies to fight against the COVID-
19 pandemic by producing several biomedical products is 
illustrated in Fig. 5.

3.3  Additively manufactured biomedical products 
since the COVID‑19 pandemic

Several manufacturing and research organizations have 
developed their fabrication of face masks like Czech Tech-
nical University (CTU) [18]. The researchers from Maker 
Mask, Farsoon technologies, and Standard university helped 
to print the FDA-approved open-source designed face masks 
to cope with the unprecedented demands [29–31]. The 
personal safety of the frontline health workers was at risk 
because of the shortages in supplies of face shields to protect 
them against the infected persons. A face mask is supposed 

AM technologies 
during COVID-19 

pandemic

Fused 
deposition 
modelling

Digital light 
processing

Selective 
laser sintering

Binder jetting

Stereolithogr
aphy

MultiJet 
fusion

Face masks

Face 
shields

Face shields

NP swabs
Face masks

Respirators

Mask frames

Surgical clothes

Vent splitters

NP swabs

Handsfree door 
opener Ventilator parts

NP swabs

Face masks

NP swabs

Ventilator 
parts

Training 
kits Medical 

manikins

Test tubes

(a) (b)

Fig. 5  Schematic illustration to indicate the promising contribution 
of AM technologies in fighting against the COVID-19 pandemic, a 
usage frequency of various AM technologies during COVID-19, [25] 

(open access permission); b AM technologies alongwith their appli-
cations in the COVID-19 pandemic (inspired from [18])
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to cover the mouth, especially the nose to filter air and pro-
vide a sort of protection against the environmental situation. 
The N95 masks with suitable fitting were found useful to 
protect against harmful air contaminants. The name 95 in 
N95 masks indicates the ability to filter 95% of airborne 
particles. The manufacturers like Flashforge, Stratasys, and 
BCN3D assisted in fabricating the face shields mainly from 
polylactic acid (PLA) and polyethylene terephthalate gly-
col (PETG) through AM. Also, the AM-modified designs 
helped conventional manufacturers to enhance the produc-
tion capacity of face shields [16, 29, 30]. Additive manu-
facturing also helped in producing various ventilator parts. 
The nasopharyngeal (NP) biocompatible swabs were also 
3D printed to level the supplies and demands. Several manu-
facturing companies like Puritan medical products, Copan 
diagnostics, EnvisionTEC, and Formlabs printers started 
the production of NP swabs to fulfill the requirements dur-
ing the COVID-19 pandemic [18, 32]. A detailed overview 
of various additively manufactured biomedical products is 
presented in Fig. 6.

Additive manufacturing also helped in overcoming the 
environmental hazards regarding medical waste of dispos-
able products by fabricating recyclable products such as 
respirators and filters [33]. Additive manufactured emer-
gency dwellings were employed for the isolation of infected 
patients to reduce rushing in hospitals [34]. These dwellings 
were urgently moved to the highly needed areas during the 
rushing time in hospitals. The healthcare workers were also 
trained with AM-fabricated life-sized medical manikins and 

prototypes to practice COVID-19 testing procedures [35]. 
Social media provided awareness to industries and users 
about the online CAD file repository websites like GitHub 
and GitLab, to promote AM. These platforms helped to over-
come the communication barriers among different profes-
sionals and CAD data repositories for COVID-19-related 
PPE.

3.4  AM is a pre‑requisite for implementing I4.0 
to combat the COVID‑19 pandemic

Additive manufacturing was found to have a strong potential 
in assisting against emergencies as COVID-19 is not the 
last disease. These situations indicate that AM exhibits a 
bright future by producing parts on demand with mass cus-
tomization. It also helped a lot to develop sustainable solu-
tions during supply chain redundancy and maintained the 
global economy. Therefore, the researchers are consistently 
working on technological advancements in AM techniques 
concerning materials and methods. The digital versatility 
and quick prototyping are boosted by integrating AM with 
industry 4.0 and the internet of things in the cyber-physical 
age to make it more flexible for mass customization and 
rapid response rate in future emergencies [37–39].

The positive role of industry 4.0 concerning the COVID-
19 pandemic is multi-directional in which some of its mer-
its include disease forecasting, diagnosis, and control [40]. 
The COVID-19 pandemic has also affected the sustainable 
development goals (SDG) of the United Nations which were 

Additively manufactured biomedical products classification since COVID-19 pandemic

ButtonMedical devices Button Button Button ButtonTesting devices Training &
visualization

Personal
protection (PPE)

Personal
accessories ButtonEmergency

dwellings

(a)
(g)

(h)(b)

(i)

(j)

(k)

(l)

(c)

(d)

(e)

(f)

Fig. 6  Classification of additively manufactured biomedical products 
during the COVID-19 pandemic: a ventilator valves, b emergency 
respiration devices, c NP swabs, d test tubes, e manikins and bio-

models, f training kits, g face shield, h respirator, i mask fitters, j door 
openers, k dwelling cabins, and l isolation wards; [5], reprinted with 
permission from Elsevier, Copyright 2021 (Lic. 5181740946721)
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approved in 2015. Specifically, the shortages of supplies in 
food and health facilities raised the global economic crisis. 
Therefore, the United Nations raised USD 2 billion to fight 
against COVID-19 and overcome the bottlenecks in the sup-
ply chain especially [41]. However, developing countries 
lacked skilled healthcare workers, funding, and necessary 
medical facilities. Therefore, the key variables to investigate 
the pandemic control included response rate, type of health-
care system, economy, availability of medical equipment, 
proper vaccination/treatment, research, education, com-
munication, and manufacturing [42]. A detailed illustration 
of challenges during the COVID-19 pandemic, response to 
challenges by I4.0 technologies, merits, and future possible 
challenges have been presented in Fig. 7.

Considering all the aforementioned challenges in 
mind, industry 4.0 (also known as the fourth industrial 

revolution) helps to fulfill the needs of necessary medical 
devices by introducing several technologies. The symp-
toms of COVID-19 were detected by I4.0 technologies 
to track health disorders. The misinformation on several 
technical platforms can be identified through the digital 
technologies of I4.0 [43]. The digital versatility and quick 
prototyping are boosted by integrating AM with industry 
4.0 and the internet of things in the cyber-physical age to 
make it more flexible for mass customization and rapid 
response rate in case of any future emergencies [15, 44]. 
An overview of detailed supply chain mapping concerning 
the COVID-19 pandemic with I4.0 is indicated in Fig. 8 
which, in turn, helps in effective monitoring and control 
for any future pandemic.

1. Balance among supplies and demands
2. Lack of storage space in the retail centers
3. Safety of frontline workers
4. Lack of manpower
5. Survival demands during pandemic
6. Consumer buying behavior
7. Lack of information
8. Lack of trust
9. Lack of infrastructure

1. Healthcare digitalization
2. Efficient tracking of patient
3. Easiness of risk assessment
4. Maintaining the social distancing
6. Safety of frontline people
7. Automation level increase
8. Significant market for quality
9. Productivity enhancement

1. Healthcare data as record

2. Standard database

3.Robust healthcare systems

4. Confidentiality care of patient record

5. How to cope with any future pandemic

6. Effective utilization of resources

7. Ergonomically adopted workstations

1. Additive manufacturing technologies
2. Integrating IOT to physical devices
3. Artificial intelligence
4. Virtual reality
5. Holography based digital technology

6. Biosensors for diagnosis
7. Wearable devices
8. AI with big data
9. Drone based platforms

Fig. 7  A detailed framework showing the COVID-19 pandemic challenges, industry 4.0 (I4.0)-assisted technologies, merits of implementing 
I4.0, and future challenges for digital transformation in manufacturing sectors through it (inspired from [38–40])
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4  Classification of AM technologies 
for biomedical applications

Additive manufacturing (AM) technologies are considered 
suitable for biomedical sectors even for industry 4.0 [1, 2]. 
AM technologies' classification was initially based on solid, 
liquid, and powder-based 14 technologies [45]. Calignano 
et al. [46] developed seven AM classification systems as per 
ASTM-52900. Lee et al. [47] categorized AM into inkjet, 
extrusion-based, laser-assisted, and VAT photopolymeriza-
tion-based four 3D bioprinting techniques. The exploratory 
study of each classification concerning its working princi-
ple, raw materials, control variables, responses, merits, chal-
lenges, and biomedical applications, is mentioned in Table 2 
and details have been discussed in onward sections herein. 
The classification tree of AM technologies concerning the 
ASTM 52,900 can be seen in Fig. 9.

5  Suitability of AM technologies in 3D 
bioprinting

The major AM classification in 3D bioprinting technologies 
comprises four main types such as extrusion, droplet, resin, 
and laser-assisted systems. 3D bioprinting of soft constructs 
requires bioink, whose composition and environmental fac-
tors significantly influence the stability of the process [83]. 
The necessary details of each four main 3D bioprinting tech-
nologies have been explained in the onward sub-sections 
herein. Among the several merits, AM technologies are 
still not frequently used for mass production where patient-
specific implants are required. Additive manufacturing for 
biomedical applications usually comprises soft tissues and 
hard constructs for clinical medicine, tissue engineering, and 
orthopedic implants. The basic process steps in 3D bioprint-
ing have been indicated in Fig. 10.

Fig. 8  A detailed framework to demonstrate the digital transformation in manufacturing sectors through industry 4.0 with supply chain mapping 
and post-COVID global production networks [37]; reprinted with permission (5397640532096), Elsevier 2022
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5.1  Classification of 3D bioprinting technologies

3D printing for tissues/constructs is also called 3D bioprint-
ing (3DBP) if living cells are also used during implant fabri-
cation, as indicated in Fig. 9b, which explores the difference 
between 3DP and 3DBP. Usually, the CT scan or magnetic 
resonance imaging of a living tissue/organ is taken, fol-
lowed by its conversion into a CAD file in STL format, and 
a series of other steps are performed to fabricate an implant, 
as shown in Fig. 10. Soft tissue printing usually employs 
soft materials like shape memory polymers and compos-
ites to fabricate tissues, scaffolds, or implants. These are 
generally classified into four types: inkjet, micro-extrusion, 
laser-assisted, and VAT photopolymerization-based technol-
ogies, as demonstrated in Fig. 11. The choice of a certain 3D 
bioprinting technology can be governed by different perfor-
mance assessment measures involving cell viability, speed, 
resolution, ink viscosity, merits, limitations, and processing 
cost per unit, as reported in Table 3.

5.1.1  Inkjet 3D bioprinting (IJ 3DBP)

Inkjet 3D bioprinting (IJ 3DBP) ejects tiny volume droplets 
of bioink by providing a pressure pulse in which each bioink 
droplet contains between  104 and  304 cells [85]. Bioink for 
scaffold and implant construction in IJ 3D bioprinting can be 
made from both natural and synthetic polymers like alginate, 
calcium chloride solution, bioceramics, polyethylene glycol 
dimethacrylate (PEGDMA), and bioglass. Bioink viscosity, 
temperature, and pressure pulse frequency are important fac-
tors in IJ 3D bioprinting [87]. The ink droplets are produced 
as drop-on-demand (DOD) and continuous methods (CIJ). 
The continuous IJ 3DBP depends on the natural tendency of 
a liquid stream to flow and undergo morphological change, 
producing continuous-discrete droplets [88]. The ink drop 
diameter ranges from 10 to 150 µm for continuous IJ 3DBP 
[88]. Drops are produced at a far faster rate by CIJ-based 
bioprinters over DOD systems. However, they are unsuitable 
for biological applications due to fluid inks and the risk of 
contamination during fluid recycling [85]. Droplet bioprint-
ing was one of the first printing methods used in tissue and 
organ [89]. The drop-on-demand printing generates bioink 
droplets on the substrate as needed. DOD-based bioprint-
ers can be employed for patterning and material deposition 
due to their minimal bioink waste and printing precision 
[90]. CIJ printing is mainly utilized for coding and marking 
applications with drop diameters of roughly 100 µm. DOD 
printing is primarily used for graphics and text printing with 
drop diameters of 20–50 μm [89, 91].

Ink deposition is often employed in thermal and piezo-
electric IJ 3D bioprinting as shown in Figs. 11a and 12a. 
Thermal IJ bioprinting utilizes a heat source (100–300 °C) 
to create bubbles that produce building pressure, causing the Ta
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Fig. 9  a Tree diagram to demonstrate different prospects concern-
ing AM classification, a AM systems according to ASTM-52900 
standard, b an illustration to indicate the basic difference among 3D 

printing and 3D bioprinting techniques, c basic flowchart to indicate 
the additively manufactured soft and hard constructs for biomedical 
applications (inspired from [49])

MRI/CT scan Printed partBiofabrication.stl file conversionCAD model

3D
 B

io
pr

in
tin

g

Fig. 10  Flow process to fabricate a tissue/organ in 3D bioprinting [84]; Copyright 2020 Elsevier
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droplet to eject [92]. Thermal IJ 3DBP is easy, efficient, and 
cost effective [71]. Thermal droplet 3D bioprinting causes 
pressure pulses to discharge droplets at the printer aperture 
by generating heat inside the bioink chamber [86]. How-
ever, frequent nozzle obstruction caused by bioink gelation 
and the formation of uneven-sized droplets interrupt the 
smooth printing. The involvement of temperature and shear 
stresses in the production of bioink drops may harm cell 
viability. According to several reports, a rise in the local 
temperature up to 300 °C owing to a short exposure of 2 µs 
has no effect on cells during the printing [93–95]. Thermal 
inkjet printing also employs a heated element to nucleate 
a bubble. The bubble causes pressure to build up within 
the print head, resulting in the discharge of a droplet. The 
thermal element has a temperature range of 100–300 °C. 
However, high temperatures may harm the cells in thermal 
IJ 3DBP [96]. The jetting method for droplet ejection by 
applying pressure is used in piezoelectric-based bioprint-
ing. A piezoelectric crystal actuator generates sonic waves 

inside the bioink chamber, which releases the droplets via 
the printer nozzle [71, 93]. Mass modification in the piezo-
electric element at low temperatures provides acoustic waves 
for bioink ejection. Highly viscous materials are difficult to 
handle using piezoelectric-based IJ 3D bioprinting [97]. The 
jetting behavior of linear polymeric materials in piezoelec-
tric inkjet systems is dependent on the polymer's molecular 
weight and concentration. Shear rates in piezoelectric inkjet 
3D bioprinting may range between  104 and  106  s−1 [98]. An 
illustration of key applications of inkjet 3D bioprinting is 
shown in Fig. 12. A summary of different works on IJ 3D 
bioprinting is shown in Table 3.

The advantages of IJ 3DBP include high printing speeds, 
low cost, higher resolution, more accurate cell position-
ing, quicker printing, 3D freeform manufacturing, heads 
for diverse materials, and increased cell survival [99]. 
The drawbacks include poor droplet directionality and 
inaccurate cell encapsulation owing to ink concentration. 
Drop-on-demand printheads are most commonly utilized 

Fig. 11  Classification schematics of 3D bioprinting technologies with 
different variations. a Inkjet (thermal and piezoelectric), b extrusion 
based (pneumatic, piston, screw), c laser assisted (laser-induced for-

ward transfer), d VAT photopolymerization (stereolithography and 
digital light processing); [85, 86], (5310950443686, Copyright 2020 
Elsevier)
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in biomolecule-based applications [84]. Inkjet printers 
generally function in 1–20 mPa/s viscosity range [98]. The 
increase in viscosity affects the speed and accuracy of the 
ejected drop, and at high viscosities and drop rates, print-
ing will fail if the ink cannot flow rapidly enough into the 
liquid chamber. The resolution of inkjet printing may reach 
up to 50 µm.

Surfactants can be used to modify surface tension in IJ 
3D bioprinting. Shear stresses may also be induced in inkjet 
printing to damage cells (proteins and other biomacromol-
ecules), resulting in manufactured cells with limited droplet 
functioning. Inkjet technology has recently been used in 
medicine and biomedical engineering applications such as 
drug screening, genomics, and biosensors [48, 100, 101].

5.1.2  Extrusion‑based 3D bioprinting (E‑3DBP)

The small nozzles are often used in extrusion-based 3D 
bioprinting (E-3DBP) using screw, piston, solenoid, or 
pneumatic pressure application techniques [83]. Figure 13 
provides a basic overview of the process and several pres-
sure application strategies in extrusion-based 3DBP. Micro-
extrusion 3D bioprinting can be used to print desired bioma-
terial structures by spreading materials by nozzles or needles 
coupled to ink cartridges. For bioprinting cell-laden struc-
tures, cells are combined with bioink. Bioink is a material 
used to encapsulate cells to provide protection and a sup-
portive extracellular matrix to help protect from the shocks 
that occur during printing [102].

The printing control variables like printing speed, dis-
pensing pressure, and movement distance should be opti-
mized for efficient manufacturing. The cell line and bioink 
characteristics significantly impact all printing parameters. 
The printability of a bioink is determined by its ease of 
printing with acceptable resolution and the retention of its 
structure after printing. The shape fidelity, resolution, bio-
compatibility, and cell-supporting capabilities are frequently 
used to define bioink printability [103, 104].

Extrusion-3DBP can produce biomaterials with differ-
ent viscoelastic properties, like hydrogels with their com-
posites [105]. A hybrid structure might be created with a 
multiple-cartridge system to dispense various bioinks and 
physiologically active ingredients. Controlling the syringe 
pump's actuation pressure in the nozzle is crucial for effec-
tive bioink deposition on the build platform. Extrusion 3D 
bioprinting success is determined by bioink properties like 
molecular weight, shear-thinning, biodegradation, and visco-
elasticity [104, 106]. Dispensing pressure, bioink consist-
ency, and nozzle diameter typically determine the shear 
stress experienced by the cells in the bioink, which affects 
cell survival. Air pressure, extrusion speed, temperature, 
collecting platform position, and type are all adjustable 
parameters that directly influence printing accuracy and 
resolution in E-3DBP.

Extrusion-3DBP suffers from poor resolution and 
extended processing time. Other considerations include fre-
quent nozzle obstruction and low resolution (200–1000 µm) 
[108]. The main challenges in E-3DBP include (1) bioink 
selection and process parameter optimization in tissue print-
ing, (2) mechanical strength and bio-functionality of printed 
constructs, (3) vascularization of the target tissue, and (4) 
commercialization and mass-market challenges. These days, 
the integration of electrospinning and extrusion 3D bioprint-
ing (hybrid printing) is an intriguing and growing aspect 
of 3D bioprinting [107]. Extrusion bioprinting is extremely 
versatile, making it excellent for producing scaffolds or 
prosthetic implants for tissue engineering [85, 106]. Differ-
ent classes of extrusion 3DBP involving direct extrusion, in 
coagulation bath, in support bath, and co-axial extrusion, are 
demonstrated in Fig. 14.

5.1.3  Laser‑assisted 3D bioprinting (LA‑3DBP)

Laser-assisted 3D bioprinting (LA-3DBP) is usually known 
as laser-induced forward transfer (LIFT) which refers to the 
material transfer through pulsed laser from a source film to 

Table 3  Different performance assessment measures among 3D bioprinting technologies [85, 86]

Parameter Inkjet (thermal, piezoelectric) Extrusion (pneumatic, piston, 
screw)

Laser-assisted (LIFT) VAT photopolymerization 
(SLA, DLP)

Cell viability High (> 90%) Medium (40–95%)  ≥ 95% Low
Speed High (1–10,000 droplet/sec) Slow (10-50 µm/sec) Medium fast (200–

1600 mm/s)
High

Resolution (µm) 50–300 50–250  > 20 µm 25–100
viscosity (mPa/s) 3.5–12 6–30 ×  102 1–300 Low
Cost Low Moderate High Moderate
Pros Multiple cell deposition, 

mass-produced head
Wide materials selection, 

scalable
Nozzle free Nozzle free, scalable printing

Cons Limited choice and size of 
materials

Nozzle required; cells may 
damage during printing

Limited fabrication size and 
materials

Cytotoxicity of photo-initiator, 
limited materials
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a substrate nearby or in contact with the film, enabling laser 
direct writing of patterns independent of the surface type or 
material form [109–111]. LIFT-based bioprinters are made 
up of three parts: (a) an energized pulsing laser, (b) a tar-
get or ribbon that acts as a biological material donor film, 
and (c) a receiving substrate to collect the printed material.
[85, 112, 113]. The schematic demonstration of LA-3DBP 
is shown in Fig. 11c. This method uses a laser system to 
induce vaporization and a small droplet, as can be seen in 
Fig. 15 while printing circular droplets and calvaria defect 
treatment in the mouse.

The laser-induced forward transfer is less common than 
inkjet or micro-extrusion bioprinting, but its application for 
tissue and organ engineering is evolving these days. It can 
deposit cells at a density of up to  108 cells/ml with a resolu-
tion of a single cell per drop using a high-speed laser pulse 
[109, 110, 114].

LA-3DBP produces higher resolution patterns, and cell 
viability in the printed hydrogel is expected to be lower 
than with previous inkjet processes. The problems related 
to nozzle obstruction caused by cells or materials, which are 
important limits of traditional bioprinting technologies, do 
not occur with LIFT, which is nozzle free. Another advan-
tage of LIFT is that it is compatible with a wide range of 

bioinks viscosities (1–300 mPa/s) and may be used to pro-
duce mammalian cells [92, 115].

LIFT can be employed in a variety of single-element 
materials, mostly metals with feature sizes often ranging 
between 10 and 100 µm. Instead, scalability, low cost, large 
area, and roll-to-roll compatibility are key challenges in 
LA-3DBP [116]. Polymers are extensively used in organic 
electrical devices as flexible substrates and semiconductors 
[28, 117]. LIFT may be used to make heterogeneous tissue 
structures with high cell densities, great accuracy, automa-
tion, reproducibility, high throughput, and a wide range of 
sizes that closely mimic their natural physiological coun-
terparts [110]

The primary limitation of LIFT is the longer production 
time. LIFT has been successfully used to deposit biological 
materials such as cells, nucleic acids (DNA), and peptides 
using a 5 kHz laser pulse repetition rate.[102, 111, 118].

The selection of biomaterials for LIFT chosen should 
have quick gelation kinetics and working wavelength com-
patibility [119]. Other major challenges include gravity 
settling of cells in solution and long production durations 
[120]. In tissue engineering, LIFT has been utilized to pro-
duce cellularized skin constructions and deposit nanohy-
droxyapatite in a 3D mouse calvaria defect model [109, 
121].

Fig. 12  a An illustration showing the classification [92] (Reproduced with permission from Kacarevic et al. 2018, Open access), and b various 
biomedical applications of inkjet 3D bioprinting
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5.1.4  VAT photopolymerization 3D bioprinting (VPP‑3DBP)

The first 3DP technology was VAT photopolymerization 
(VPP), which uses a light source to perform polymerization 
reactions in photosensitive materials [123]. VAT photopoly-
merization technology is an AM tool that enables polymer-
ized material layers by exposing photosensitive materials 
to radiation/light in a controlled manner. Subsequent layers 
combine to form a 3D structure, though this process is lim-
ited to materials that polymerize when exposed to light. This 
approach can be used to process photopolymers and resins 
[123, 124]. Figure 16 depicts the benefits, difficulties, and 
applications of VAT photopolymerization.

VPP methods are further classified based on the curing 
source as stereolithography (SLA), digital light processing 
(DLP), two-photon polymerization (2PP), continuous liq-
uid interface processing (CLIP), and volumetric 3D printing 
[125]. The bulk of SLA photopolymer resins is composed 
of monomers, oligomers/binders, photoinitiators, and dif-
ferent additives. Monomers and oligomers are the primary 
components of photopolymer resin, which solidifies due to 
crosslinking [126, 127].

2PP has the highest resolution of any VAT polym-
erization-based printing method. The femtosecond (fs) 
laser pulses initiate polymerization in a highly restricted 
focus volume by two-photon absorption. As a result, 3D 

Fig. 13  A. Basic demonstration of extrusion 3D bioprinting. An 
illustration showing the basic steps including the a bioink mixing, 
b extrusion 3DBP, c extrusion 3D bioprinted tissues for biomedical 
applications (Reproduced with permission from Askari et  al. [107], 

Royal society of chemistry 2021), B. classification of extrusion 
3DBP involving d pneumatic type, e piston driven, f screw driven, 
g solenoid based, Reprinted with permission from [105], Copyright 
(5323190293181) Elsevier 2022
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micro- and nano-scale structures are created. Although 2PP 
precision can approach 40 nm, its usefulness is restricted 
to the small size of printed components. CLIP is a popular 
method for producing dental implants quickly.

VAT photopolymerization has lately expanded its appli-
cation into functional material printing, creating new hurdles 
for developing photopolymerizable functional resins and the 
associated curing process [128, 129]. The high-resolution 
printing capability makes VAT photopolymerization suitable 
for applications requiring stiff and accurate geometry [48]. 

However, it can also be used to print components that are 
not rigorously dimensioned, such as hydrogels. Hydrogel-
based bioink in VPP can be useful to print both cell carrier 
and structural components [130].

Compared to E-3DBP and IJ-3DBP, VAT photopoly-
merization-based bioprinting has unique merits like high 
structural integrity and high printing resolution[123, 124]. 
Stereolithography applications in biomedical engineering 
are divided into four categories: patient-specific models 
and functional components, implantable devices, tissue 

Fig. 14  a Different classes of extrusion bioprinting involving direct 
extrusion, coagulation bath-embedded printing, support bath-embed-
ded printing, and co-axial extrusion, for printing fidelity and cells for-

mation in tissue engineering [104, 106] (5315690351444, Copyright 
2020), John Wiley and Sons

Fig. 15  Schematic of laser-
induced forward transfer to indi-
cate in situ printing to deposit 
biomaterial into the mouse for 
calvaria defect, reprinted with 
permission from (Keriquel et al. 
[122], Open Access), Springer 
2019
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engineering, and cell-laden hydrogels [123, 131]. The neu-
rological, cardiovascular, musculoskeletal, and respiratory 
systems are now among the VAT photopolymerization-based 
3D bioprinting applications [125]. Several interesting appli-
cations of VAT photopolymerization, such as the printing 
of instantaneously functional soft tissue engineering con-
structs, are still in their early phases [85] (Table 4).

5.2  Materials and applications of additively 
manufactured biomedical products

5.2.1  Materials and applications of 3DP soft constructs

3D bioprinting has emerged as one of the fastest expand-
ing areas in recent years, and its applications involve a 
series of steps like bioink preparation, 3DBP, and suitable 

post-processing for tissue regeneration, drug delivery, scaf-
folds, and other patient-specific implants [116]. The rapid 
use of hydrogels in 3DBP possibilities has aided in the 
creation of functional biological tissues, cartilage, skin, 
and artificial organs [140, 141]. The primary emphasis of 
the scientists is on the 3D bioprinting of biomaterials while 
preserving biocompatibility, biodegradability, and boosting 
growing productivity [142]. 3DBP technological advance-
ments include the use of shape memory polymers like 
hydrogels, which are the best contender in biofabrication. 
Hydrogels are hydrophilic polymers and can hold a large 
amount of water. They are useful for biomedical applica-
tions due to their high elasticity. They respond quickly to 
external stimuli such as physical and chemical stimuli. 
Physical stimuli include temperature, intensity, electric and 
magnetic fields, solvent composition, and other physical 

Challenges  
in VPP

Light 
sensitive 
polymers

Controlled 
porosity 

Achieving 
stability

Photosensi
tive bioink

Tunable 
mechanica
l behavior

Merits of 
VPP

Economic

Less 
wastage of 

material

Scalable

High print 
speed

High 
resolution

Photo-
polymers

Neurological, Respiratory, Vascular, 
Muscloskeletal systems based organs Tissue engineering and repair

Drug delivery

Orthopaedic surgey

Surface coating and scaffolds for therapeutic 
agents

Biosensors

Dental implants models 

(a) (b)

Biomedical applications of 
VPP

(c)

Photo-
initiators 
control

Fig. 16  A schematic visualization to indicate different a merits, b challenges, and c biomedical applications of Vat photopolymerization-based 
3D bioprinting (inspired from [125, 132])
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stimuli, whereas chemical stimuli include pH, ion concen-
tration, and degree of cross linking. To be categorized as 
a hydrogel, a material must contain 10% of its total water 
content [143]. The details of different natural and synthetic 
biopolymers have been mentioned in Table 5. Printable 
and biocompatible hydrogels are promising materials for 
3D printing applications due to their high water content, 
porous structure, integration of bioactive compounds, and 
customizable mechanical characteristics and degradation 
rates. On the other hand, most typical hydrogel materials 
are brittle and mechanically weak, rendering them unsuit-
able for soft and elastic tissue applications. As a result, it 
is vital and fascinating to create printable, high-strength, 
elastic hydrogel materials for 3D printing in tissue repair 
and regeneration [144]. Hydrogels have a wide range of 
applications in wound dressing, drug delivery, and scaf-
folds, as shown in Fig. 17. Furthermore, different applica-
tion procedures of AM medical products have been indi-
cated in Fig. 18.

5.2.2  Applications and materials of additively 
manufactured hard constructs

Human aging is becoming a widespread problem these days, 
resulting in orthopedic concerns such as joint disease and 
bone fracture. People above the age of 60 are more affected 
by these said difficulties. These human disorders are pre-
dicted to affect 2.1 billion people globally by 2050 [150]. 
Furthermore, a spike in road accidents among young people 
throughout the world has highlighted the necessity for some 
appropriate ways to mitigate these difficulties. Therefore, 
the United Nations agenda of sustainable development goals 
(SDG-7) 2030 has also included this aspect to determine 
some suitable measures to cope with human aging issues 
[150, 151]. As a result, the fabrication of innovative materi-
als with superior biomechanical, physical, and tribological 
characteristics using competent additive manufacturing tech-
niques has emerged as the primary focus in biofabrication 
in the recent age [152]. Artificial implantation in affected 
patients can act as a substitute for fractured bones or disor-
dered joints. However, there is a conscious need to improve 
the life and performance of these implants.

The desired biomedical implants are expected to improve 
biomechanical, physiological, and tribological performance 
[137]. Although, artificial implants cannot fully replace the 
natural functioning of body parts. However, the challenge 
to develop more novel materials with suitable performance 
characteristics and competitive manufacturing technol-
ogy is the primary concern in recent biofabrication. The 
issues associated with the additively manufactured metallic 
implants, possible solutions, and applications are indicated 
in Fig. 19.
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Because of their good corrosion resistance, near bone 
elastic modulus, biocompatibility, low density, and good 
mechanical performance, biomedical Ti alloys are widely 
used to fabricate various artificial implants in orthopedic 
and orthodontic sectors [7, 161–163]. The chronic con-
cerns of stress shielding (mismatch of stiffness between 
human bone and artificial implant), osteolysis (bone tis-
sue loss), and chemical contamination, on the other hand, 
may have a major impact on the functional life of these 
implants [152]. Thus, additional improvement in their tri-
bological and fatigue performance in orthopedic implants, 
particularly in load-bearing replacements (hip, knee), is 
required.

An overview of different works on metal-based hard 
tissue constructs for orthopaedic and orthodontic implants 
is reported in Table 6. A partial or total hip replacement 
is needed because of excessive load bearing in hip joints. 
The total hip replacement involves the replacement of 
the femoral bone, femor head/ball, and acetabular cup, 
whereas the partial hip replacement only replaces the ball 
of the hip joint [164–166]. Although, beta Ti alloys can 
be employed to improve the performance characteristics 
involving biocompatibility, fatigue strength, corrosion 
resistance, and mechanical properties in their Ti-based 
classification system. However, these beta Ti implants are 
still expected to possess minimal wear resistance which is 
a hindering factor in their long-term useful life. Also, little 
work has been investigated on metal matrix implants spe-
cifically Ti–ZrO2-based implants manufactured by selec-
tive laser melting. The merits, applications, and challenges 
of additively manufactured Ti implants are presented in 
Fig. 20, respectively.

6  Sustainability assessment in AM 
for biomedical applications

Manufacturing sustainability significantly influences the 
market's gross domestic product (GDP) [36]. The ration-
ales of implementing AM for sustainable production are 

Table 5  Summary of various additively manufactured natural and synthetic biopolymers along with their useful applications prospects [140, 
147–149]

Nomenclature 
of biopolymers

Name Merits Target tissues/organs Tissue engineering applica-
tions

Synthetic Polyvinyl acid (PVA) Improved mechanical perfor-
mance

Blood vessels, bone cartilage, 
heart, muscles, neural, skin

Scaffolds

Polyether ether ketone 
(PEEK)

Higher mechanical stability, 
biocompatible

Bone scaffolds

Acrylonitrile butadiene sty-
rene (ABS)

Biocompatible, Cheaper Prototypes for tissues/scaffolds

Polyethylene glycol (PEG) Biocompatible Drug delivery
Polylactic acid (PLA) Higher mechanical strength Scaffolds

Natural Alginate Biodegradable Skin surgery
Hydroxyapatite Biocompatible Bone replacement/repair
Hyaluronic acid Improved cytotoxicity Wounds recovery
Collagen Improved biocompatibility Skin implants
Silk fibroin Near human skin tissue per-

formance
Skin replacement

Gelatin Biocompatible Skin surgery

Applications of
3D bioprinted
Hydrogels

Dry wounds

Skin damage

Ulcers

Burns and
abrasions

Radiation
tissue
damage

Dry scabs

Fig. 17  An overview of different applications of 3D bioprinted soft 
constructs(hydrogels) in the biomedical field; inspired from [145] 
(Copyrights permission taken, Elsevier 2020)
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indicated in Fig. 21. It is equally important in 3D printing 
that which printing technology is more sustainable for bio-
medical applications concerning economic and environmen-
tal factors as illustrated in Fig. 22. The sustainability-based 
forecasting study inferred that additive manufacturing will 
significantly contribute to sustainable production with mini-
mal harmful emissions by the year 2025 [182].

Energy consumption (Ec) bears prime importance [184] 
when process sustainability is questioned from different per-
spectives. A detailed overview concerning the revolution in 
AM concerning sustainable development, different perspec-
tives of sustainability assessment, and the relationship of 
circular economy with sustainability for biomedical implants 
is indicated in Fig. 22. Since the development in additive 
manufacturing for biomedical applications is increasing day 
by day, it is crucial to determine which process consumes 
less energy and more sustainable.

Energy consumption (Ec) is recognized as one of the 
decision-making tools to analyze sustainability in manu-
facturing [4]. It usually comprises primary (required to 
alter material state) and secondary energy (required by 
supporting accessories). The consumed energy is usually 
measured in specific energy consumption (SEc) as kWh/
kg of build part [4].

The energy consumption of different AM systems for 
various materials depends upon procedural needs. Faludi 
and Braunholz [186] evaluated the Ec of additive and 
subtractive techniques (FDM and CNC milling), resulting 
in equal SEc for ABS without considering environmen-
tal effects. An interaction between Ec and part geometry 
was examined by Dunaway and Harstvedt [187] using 

regression analysis. Clemon et al. [188], at different print-
ing stages in FDM, inferred its direct influence on the 
performance quality of printed parts. Stefan Junk [189] 
performed an Ec comparison of two AM systems (inkjet 
3D printing and FDM) and concluded the minimal energy 
consumed in inkjet 3D printing over FDM. Xu et al. [190] 
concluded that energy consumption is highly affected by 
slice layer thickness and build orientation in AM. Peng 
et al. [184] analyzed the general energy consumption in 
different AM systems and concluded the significant influ-
ence of resource utilization on energy consumed (Ec). The 
estimation of Ec is mentioned in Eq. 1.

where Ea and Eb are the primary and secondary energies. 
The variables and procedure for Ec estimation may vary, but 
the basics to calculate Ea and Eb are the same [4].

The primary energy for the SLM process (Ea) calculation 
is reported in Eq. 2.

where Pl denotes the laser power and t is laser exposure 
duration. This duration calculation is mentioned in Eq. 3.

where “Br” and “V” denote the build rate and volume of the 
fabricated part. The SLM's secondary energy (Eb) calcula-
tion is similar to FDM as reported by [4].

The specific energy consumption  (SEC) for selective laser 
melting is calculated in Eq. 4.

(1)Ec = Ea + Eb,

(2)Ea = Pl × t,

(3)t = V∕Br,

(a) (b)

(c) (d)

(e)

H
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Fig. 18  An overview of different application forms of 3D bioprinted 
hydrogels in wound dressing and healing. a Wound dressing with 
hydrogel sheet (neoheal), b burns and necrotic wounds treatment, c 
application of hydrogel film in wound recovery, d hydrogel impreg-

nated wound gauze, e treatment and healing stages of diabetic skin 
using drug-loaded hydrogel, [145, 146] (Copyrights permission 
taken, Elsevier 2020)
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Similar estimations are used to measure Ec for other 
AM systems, but conditions may vary depending on the 
specific AM technique. A comparative study of SEc in 
ASTM-52900-based AM systems is reported in Table 7. 
The consumed energy may vary even for the same process 
and material. Therefore, it depends on several factors: 
material type, equipment model, part geometry, process 
variables such as layer thickness, required part quality, 
product volume, etc. Dermeik et al. [54] also performed 
a comparative study of consumed energy, printing resolu-
tion, and printing speed and concluded that DED-based 
3DP consumes more energy at a higher speed compared 

(4)SEc =
Ec

m
=
(

Ea + Eb

)

∕m.
to the other six AM technologies, as evident in Table 7 
and Fig. 23. Furthermore, it was also inferred that the 
Ec of processing metals and their alloys is higher over 
polymers, ceramics, and composites. The printing reso-
lution of material jetting (MJ) is higher compared to all 
other ASTM-based six techniques. The order of consumed 
energy in ASTM-based AM techniques is as material 
extrusion (ME) < binder jetting (BJ) < material jetting 
(MJ) < VAT photopolymerization (VPP) < powder bed 
fusion (PBF) < sheet lamination (SL) < directed energy 
deposition (DED).

Possible 
solutions

Surface 
treatment

Porosity 
control

Patient 
specific 

Biocomp
atible 

material

Improved 
surgery

Implant 
failure 

Stress 
shielding

Poor 
strength

Implant 
loosening

Biocomp
atiblity

Wear 

Ion 
release

Spine(Titanium alloys, , Cobalt-chromium-
molybdenum, Tantalum) 

Scaffold( Titanium, Tantalum,  Cobalt-
chromium-molybdenum, Magnesium)

Cranial implant(Titanium alloys, 316L 
Stainless steel)

Maxillofacial implants(Stainless steel, 
Magnesium, Titanium alloys)

Artificial stents(Cobalt-chromium-
molybdenum, Nitinol, Titanium alloys) 

Bone fracture(Titanium alloys, Stainless 
steel, Tantalum, Beta Ti alloys)

Joint replacement(Titanium, Stainless 
steel, Cobalt-chromium-molybdenum)

(a) (b)

Applications of metallic 
implants within human body

(c)

Optimize 
process

Fig. 19  An overview of different issues associated with metal-based implants, possible solutions, and applications in the human body
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7  Recent research frontiers in AM 
for biomedical applications

7.1  4D printing in the medical field

4D printing (4DP) renders tunable and sophisticated 
advanced materials capable of achieving many roles under 
controlled conditions like temperature, light, etc. These 
smart materials persist in the patient under in vivo condi-
tions [135]. The primary distinction between 3DP and 4DP 
is that 3D printing yields a static production with no time 
factor [167–169]. 3DP employs metals, powders, thermo-
plastic polymeric materials, UV-curable resins, and other 
materials. In contrast, this 4D printing only utilizes tem-
perature or humidity-responsive materials [112, 135, 170]. 
Medical implants, aviation, apparel, sustainable sources, 
automotive, soft robots, and smart actuators are among 
future applications of task-oriented additive manufacturing 

and smart materials [171, 172]. The 4DP process relies 
heavily on the continued development of smart and intel-
ligent materials, which will remain the primary focus of 
future in-process research [167, 171, 173]. Although more 
material innovation studies will reveal this technology 
to light. Despite new material growth, it is necessary to 
investigate emerging printing strategies for specific tasks 
and structures. This technology will undoubtedly usher in 
new paradigms and explore new dimensions in all aspects 
of life. 4DP is expected to provide a manufacturing plat-
form for tissue engineering, medical implantations, and 
organ development. Its benefits for biomedical products 
include 3D smart implants for bones such as the elbow, 
wrist, and ankle, the printing of intelligent multi-material 
organs, customizable smart multi-material printing, and 
the printing of organs that can grow within the living 
body and can be used to print body living organs such 
as skin, liver, heart, and kidney. 4D printing technology 

The wear of Ti debris hinders the long
term implantation

Small percent of nano Zirconia into beta Ti
can improve its wear performance

Porosity can be introduced into the
implant with pore forming agents

Biocompatibility can be improved by post
treatments like shot peening, sand blasting

Beta Ti alloys and Ti-ZrO2 composites can
reduce wear, and improve strength

Elastic modulus variation among implant
and host bone leads to stress shielding

Insufficient porosity may effect implant
ingrowth

Challenges faced by
Additively manufactured Ti
implants and their possible

solutions

Dental applications(Tooth
crowns, screws)

Major application areas of
Additively manufactured Ti
alloys in biomedical implants

(a) Hip prosthesis(Total or
partial hip replaceent)

Cranial implant
(Frontoparietal bone)

Femoral knee implant

Rib cage

Shoulder joint

Spine surgery

(b)

Fig. 20  Different applications of additively manufactured Ti-based alloys, challenges, and proposed solutions for load-bearing applications
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can be used to fabricate muscles and cardiovascular tis-
sues, whose mechanical properties change dynamically as 
the patient moves [174–176]. Current progress is being 
made toward the development of more patient-specific 
and stimuli-responsive tissues, scaffolds, and implants. A 
detailed illustration including the basic process diagram, 
smart materials, processes, applications, and challenges in 
4D printing has been indicated in Fig. 24.

7.2  5D printing in the medical field

American universities first brought the theory of 5D printing 
in 2016 [178]. Mitsubishi Electric Research Labs are actively 
developing it through William Yerazunis, their high-ranking 
chief scientist [62, 178]. It is an emerging branch of additive 
manufacturing in which the print head, as well as the printable 
object, has five degrees of freedom, creating curved layers 
instead of flat ones. In this technique, the print part travels 
while the printer head prints, so the printing follows the curve 
path of the part being printed. The primary advantage of this 
technology is the ability to build a stronger part with a con-
toured layer. Etherea, based in Bengaluru, India, has been 
involved in 3D printing technology and devised the concept 
of building a 5D printer, and they were able to complete it 
successfully and win the CES award for best innovation [178, 
179]. A 5DP prototype could be used to construct customized 
bone scaffolds for surgical applications. Since human bones 
are curved and not flat, artificial bones made with 5DP are 
required to provide excellent strength to these bone implants. 
This technology holds a lot of promise in terms of meeting 
this primary requirement. The development trend of AM for 
biomedical applications is shown in Fig. 25.

3D printing is ineffective for producing complex 
curved orthopedic implants because it uses flat layers. 
The results of the tests show that 5DP objects are 3–5 
times stronger than 3D-printed objects. According to 
research, a 5D-printed cap is also four times stronger and 
can withstand four times the pressure of a 3D-printed cap 
[178]. Curved layers have material force in 5DP which 
makes them stronger after printing [180]. As a result, 5D 
printing requires less raw material to produce implants 
of the same strength as 3D printing. Orthopedic surgery 

Why 3D bioprinting 
is sustainable

Minimal 
consumed energy

Little harmful 
emissions

Mass 
customization

Less raw 
material waste

Minor/no post 
processing 
required

On demand 
manufacturing

Fig. 21  Merits of achieving sustainability in 3D bioprinting, inspired 
from [183]

Fig. 22  a Different factors affecting the sustainability of AM based 
on economical, societal, and environmental aspects with process 
energy consumption included [184]; Copyright 2018 Elsevier, b sus-

tainability assessment life cycle flowchart in additively manufactured 
biomedical implants coupled with circular economy factors in the 
context of biomedical engineering [185]; Copyright 2020 Elsevier
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necessitates complex, strong implants with curved sur-
faces. 5D printing is useful in preoperative treatment, 
teaching, and learning, as well as in printing these invasive 
medical implants based on the patient's actual surgery. As 
a consequence, 5D printing can easily create a complex 
and curved structure that requires a considerable amount 
of strength. The critical distinction between 3DP and 5DP 
is that stronger parts with a curved layer are generated in 
5DP, whereas 3D printing develops a flat surface. The rest 
of the time, both processes rely on the same technologies, 
such as 3D CAD file input, 3D scanners, and 3D print-
ing materials. In contrast, 4DP is markedly different from 
these two technologies. It makes use of reconfigurable 
materials that can change shape and function in reaction 
to time and temperature [135, 168, 178]. The emerging 
hotspots in the field concerning biomaterial, bioprinting, 
vascularization, maturation, and innervation with sev-
eral challenging aspects can be seen in Fig. 26. Some hot 
research areas in biofabrication these days include AM 
of stimuli-responsive biomaterials, hybrid printing, and 
multi-materials printing for possible near-future studies.

8  Concluding remarks

The recent focus of additive manufacturing (AM) technolo-
gies in the biomedical field are to produce patient-specific 
soft and hard constructs for implants and scaffolds. However, 
selecting suitable AM concerning material, technology, and 
control variables is a serious challenge. This work investi-
gates the potential of AM technologies for biomedical appli-
cations before, during, and after the COVID-19 pandemic. 
The conclusions made from this research study include:

• The discussion on the classification of AM technologies 
for biomedical applications concluded in several impor-
tant aspects: (a) It is difficult to choose a single AM 
type for numerous biomedical applications because of 
stochastic challenges like compatibility, materials, reso-
lution, and printing speed, (b) inkjet 3D bioprinting pro-
duces better resolution but highly viscous materials and 
feedstock cost are challenging, (c) highly viscous organic 
scaffolds can be economically fabricated with extrusion 
3D bioprinting to promote the cell growth, except the 

Table 7  Tabular representation 
of consumed energy in AM 
systems for different materials 
(inspired from Majeed et al. [4])

\

Commercial AM 
systems

AM processes Input material Energy consumed 
(kWh/kg)

References

BJ 3DP (Z printer) ABS 14.70–17.40 [189]
PBF SLM 250 SS316 31 [191]

DMLS SS 17-4 PH 94.17 [192]
EBM (Arcam A1) Ti6Al4V 17–50 [191, 192]
SLS (EOSINT P760) PA 2200 36.50–39.80 [193]

DED DMD (POM) H13 tool steel 833 [194]
LENS (OPOMEC 750) NiCr20Co18Ti 292.22 [195]

ME FDM 8000 ABS 23.08 [196]
VPP SLA 250 Epoxy resin 32.47 [196]

Fig. 23  Comparative study of 
energy consumed(Ec) by differ-
ent AM techniques (mentioned 
in blue) [54]; Copyright 2020 
Elsevier
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Fig. 24  A detailed overview of 4D printing involving the a key elements, b smart materials, c processes and applications, d pros, cons, and 
opportunities for future work, [167, 177] (2019, 5323180563076), (2022, 5323181371124) Copyright Elsevier

Fig. 25  A detailed overview showing the consistent development in additive manufacturing toward 5D bioprinting [181], copyright permission 
taken
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slow speed and low printing resolution, (e) laser-assisted 
3D bioprinting is nozzle free with the higher resolution 
to avoid the cell damage. However, several challenges 
like high cost, porosity control, and optimal parameters 
selection pose limitations on its use, (f) VAT photopoly-
merization 3D bioprinting is highly cell compatible with 
extreme printing resolution and speed. However, it is lim-
ited to photopolymers with the high cost and organic live 
tissue generation as challenges.

• The selection of the suitable biomaterial for specific 
applications in AM is challenging without the proficient 
knowledge of key performance indicators like biocom-
patibility (in vivo, in vitro), osseointegration (for tis-
sue regeneration), tribo-mechanical (elastic modulus, 
mechanical strength, wear resistance), physical (poros-
ity, roughness), and chemical (corrosion resistance) 
properties. A wide range of additive manufactured 
natural (hydrogels like cellulose, collagen, gelatin, and 
hyaluronic acid) biomaterials find applications in drug 
delivery, wound healing, cosmetic surgery, and tissue 
engineering. The additively manufactured synthetic 
biomaterials for biomedical applications include metals 
(orthopaedic and orthodontic implants, artificial stents, 

fixations), polymers (tracheal tubes, artificial skin, breast 
implants, fixations), ceramics (implant coatings, hip, and 
dental implants), and their composites.

• Concerning the additively manufactured hard con-
structs concerning metal alloys, the Ti–ZrO2 compos-
ites combine the superior properties of both bio-metal 
and bio-ceramic to produce patient-specific orthopedic 
implants. These metal matrix composites are expected to 
produce more biomechanical, physical, and tribological 
performance concerning useful/operational life, greater 
mechanical strength, high hardness, improved fracture 
toughness, higher fatigue strength, low wear, and greater 
corrosion resistance. A comprehensive investigation of 
the existing research indicated that the fabrication of 
orthopedic implants through the selective laser melting 
of Ti–ZrO2 composites is less significantly described 
with a strong research potential for orthopaedic implants.

• The study of energy consumption in AM technolo-
gies indicates that metals and their alloys consume 
more energy than ceramics, polymers, and compos-
ites. The energy consumption in ASTM-52900-based 
AM seven techniques follows the order as “material 
extrusion (ME) < binder jetting (BJ) < material jetting 

Areas of possible
future research in
Biofabrication

Bioprinting
technology

Biomaterials

Maturation

Cell sources

Vascularizat
ion

Innervation

Compatibility

Resolution

Speed

Hybrid printing

Well characterized

Reproducable

Awareness of
heterogeneous
cells in tissues

Cell proliferation
control

Complex
combinations

Facilitate bioprinter
deposition

Decellularized
tissue

Time

Bioreactors

Pre-
implantation

testing

Simulation before
implantation

Growth factor
signaling

Normal tissue
functioning

Mechanical
properties

Well developed
vascular tree

Tissue
perfusion

Fig. 26  An illustration to show different prospects for future work in additive manufacturing for biomedical applications
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(MJ) < VAT photopolymerization (VPP) < powder bed 
fusion (PBF) < sheet lamination (SL) < directed energy 
deposition (DED)”. The sustainability examination in 
AM as consumed energy was examined herein, whereas 
other environmental, economic, and social factors require 
further in-depth study.

• The prominent additively manufactured biomedical prod-
ucts since the COVID-19 pandemic include emergency 
testing kits, swabs, dwellings, face masks, CPAP respi-
rators, valves, fittings, and face shields. Since COVID is 
not the last disease, the integration of AM with industry 
4.0 technologies helps to digitalize and monitor the dis-
eases alongwith response to any future pandemic. Also, 
the mass customization in design and complexity of AM 
systems imparts a strong future potential in response to 
uncertain emergencies.

• Recently, the terms like hybrid printing, multi-material 
printing, and printing using stimuli-responsive smart 
materials are considered hot research areas in the field. 
The usual applications of AM for biomedical applica-
tions include regenerative medicine, tissue engineering, 
scaffolds, biosensors, and load-bearing implants. This 
focus is shifted toward the use of smart functional mate-
rials like shape memory materials with timely response 
to external stimuli which is the key theme in 4D printing. 
The 5D printing for biomedical applications with five 
degrees of freedom is not fully explored yet, thus it needs 
further research.
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