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Abstract

Invariably all Additive Manufacturing (AM) processes occur in a narrowly controlled range of temperature and/or pressure.
All established AM processes for metals and non-metals occur at ambient or higher temperatures. However, in recent years,
AM processes are being developed for unique materials such as bio gels, medicines, colloids, aqueous solutions, etc., with
lower working temperatures, sometimes even below 0 °C. Authors use the term Sub-Zero Additive Manufacturing (SZ-AM)
for all such processes. The present review article gathers the work related to SZ-AM reported in recent years. This review
article provides a bird-eye view of a wide range of applications and technical details of SZ-AM in numerous fields such as
manufacturing, medicine, architecture, etc. The review helps to understand the challenges and the future scope of develop-
ing commercial SZ-AM machines. The case studies help determine the feasibility of using the SZ-AM process for unique

materials for potential applications.

Keywords Sub-zero additive manufacturing - Cryogenic 3D printing - Bio-printing - Low temperature additive

manufacturing

1 Introduction

Additive Manufacturing (AM) technology has grown out
of its primary application for rapid prototyping [1]. AM
industry predominantly uses metals, ceramics and polymers.
Additively manufactured metal, polymer and ceramic parts
are being used as functional products in various industries
such as aerospace, automotive, prosthetics, infrastructure,
energy devices and consumer goods. However, researchers
are exploring non-conventional materials such as water [2],
food items [3], ceramics, colloids, aqueous solutions and
gels [4] for AM and related applications. These non-con-
ventional materials require sub-zero process temperatures,
unlike other established 3D printing technologies (Fig. 1).
The researchers have used various terms for specific
applications of low-temperature AM processes such as
Rapid Freeze Prototyping (RFP) [2], Ice 3D Printing [5, 6],
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Rapid Prototyping for ice parts [7], Cryogenic 3D Printing
[8], Freeze-form Extrusion [9, 10], ice lithography [11], 3D
Freeze Printing [4]. However, all such processes are referred
to by the umbrella term "Sub-Zero Additive Manufacturing
(SZ-AM) processes” in the present article. The present article
summarizes all SZ-AM processes, their applications and the
technological peculiarities that make them stand out from
the conventional AM processes.

Sub-zero process temperatures demand a unique archi-
tecture incorporating a refrigeration system and a well-insu-
lated workspace with protected motion and deposition sys-
tems. Therefore, process equipment for all such processes is
different from its conventional counterparts. Also, the mate-
rials are different in SZ-AM processes than their traditional
counterparts. Widely reported materials for SZ-AM are
water and water-based solutions. A few groups also report
ceramic slurries, food products, and hydrogels, but water is
a predominant constituent (up to 90%) in all these materi-
als. The flow properties of the materials such as viscosity,
density and surface tension play a crucial role in determining
the deposition methodology (Table 1).
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Fig.1 Temperature Range of
All 3DP Processes (Approxi-
mate)

Fig.2 Applications of SZ-AM

Table 1 Comparison of the
SZ-AM Processes
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2 Applications of SZ-AM processes

SZ-AM deals with a wide range of slurries and liquids;
hence it has applications in several fields, as shown in Fig. 2.
The applications and the related information are summarized
in Table 2.

2.1 Manufacturing

Frozen AM products produced by SZ-AM technology are
deployed in various manufacturing areas. Each of these areas
is discussed briefly.

2.2 Investment casting

Additively manufactured ice parts are used as patterns for
investment casting [12—14] in the place of wax (Fig. 3). M.
C. Leu et al. have demonstrated using a single-jet ice 3D
printer to produce the ice parts with a minimum resolution
of 0.08 mm. AM ice patterns are maintained at sub-zero

Table 2 State-of-the-art of the SZ-AM Technology

temperatures inside a freezer. An interface agent is spray-
coated on the patterns that act as a barrier between the ice
and slurry and helps retain the geometry. The slurry for mak-
ing the mould contains the three components, viz., ceramic,
binder and catalyst [13]. The slurry is prepared by mixing
these components in the right proportion followed by cool-
ing it to sub-zero temperatures.

After cooling to the right temperature, typically — 5 °C
to 0 °C, the slurry is poured over the ice patterns in the
mould flask [13]. It undergoes gelation and maintains its
shape at sub-zero temperatures. As soon as the gelation is
complete, the mould flask is taken out from the freezer and
kept at room temperature. The ice pattern melts down as it
comes to the room temperature along with the sprue and run-
ners. Sprue and runners melt too, making a way to drain the
water from the mould. The water is collected at the bottom
(Fig. 4). The mould is then kept for drying in the open air.
Once dry, it is sintered in the furnace at 800 °C, and subse-
quently the casting can be carried out as usual.

There are several benefits of replacing wax with ice. Wax
tends to expand upon heating and melt during dewaxing,

Sl Material Deposition Temperature Resolution  Application Year Reference
No Model Support
1 Water Aqueous NaCl and  Single-jet deposition — 20 °C 0.08 mm Patterns for invest- 2002 [15][63][54]
dextrose solution ment casting
2 Water Aqueous NaCl and  Single-jet deposition — 20 °C 0.8 mm Architectural 2009 [37][64]
KClI solutions models
3 Ceramic Methyl cellulose Piston-based extru- — 10 °C 0.76 mm Ceramic parts 2014 [9][10]
(10%) sion manufacturing
4 Pharmaceutical - Multi-jet deposition — 30 °C 0.1 mm Drug encapsulation 2015 [5]
drugs
5 Liquid metal alloys - Syringe-based extru- 0 °C 0.045 mm Flexible electronics 2016 [24]
sion
6 Ice - Spray deposition - >5 mm* Ice sculptures 2017 [23]
7  Biogels - Syringe-based extru- — 78 °C 0.1 mm** Tissue scaffolds 2017 [8][25][26]
sion [28][30]
[65]
8  Graphene aerogel Water Syringe-based extru- — 25 °C 0.04 mm Energy devices 2017 [48]
sion
9  Resin Water Custom dispensing  — 22 °C Not available Highly removable 2017 [18]
support for the
resin parts
10 Meat - Screw-based extru-  0-5 °C Not available Custom food 2019 [34]
sion
11 Water - Single-jet deposition — 30 °C 0.03 mm Micro-scale struc- 2020 [21]
tures for microflu-
idic devices
12 Water - Multi-jet deposition — 25 °C 0.06 mm Patterns for invest- 2021 [61]

ment casting

* Approximate value based on the images, not mentioned in the literature

**Based on the limited literature study
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Fig.3 Mould Preparation from Ice Pattern, (a) slurry being poured around the ice pattern inside the flask, (b) the slurry is made to undergo
freezing at — 5 °C (c) The temperature of the flask is slowly increased to room temperature, which melts the ice pattern and mould is obtained

(a) Ice pattern

Fig.4 Ice Investment Casting [15]

adding to the cracking tendency of ceramic moulds. On the
contrary, ice contracts upon melting and reduces the mould
cracking tendency [16]. Dewaxing and firing of the mould
burn the wax, releasing harmful hydrocarbons into the air.
Ice leaves the mould without any trace and is environmen-
tally friendly [17].

2.3 Support material for polymer AM

Ice serves as an excellent support material for photopolymer-
based 3D printing processes [18]. The photopolymer and
water are deposited selectively on the cold substrate using
separate deposition heads. The deposition head is incorpo-
rated with the light source for polymerization. The process
takes place at sub-zero temperatures. The water freezes into
ice and acts as a support material. Light source cures the
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(b) Mould

(c) Casting

model photopolymer material. As soon as the part is com-
pletely manufactured, it is maintained at room temperature
that melts away the ice and the polymer object is obtained.
The water from melted support is discarded, and the polymer
object is dried in the air. Figure 5b shows the model of an
ant made of resin with water as a support material (Fig. 5a)
where the minimum part dimension achieved is less than
0.5 mm (Fig. 5¢) [19].

Presently, the support structure of the polymeric parts
is removed mechanically, which sometimes results in the
uprooting and damaging the surface of the part. Hence the
ice support is helpful for the miniature polymeric parts
to avoid a cumbersome support removal process. It also
reduces the wastage of the precious polymeric material for
support structure as it is usually discarded after use.
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0.5mm

(c) Dimensions

Fig.5 Ice as a Support Material for the Photopolymer 3D Printing [18]

2.4 Micro-scale ice models

A single-jet piezoelectric nozzle-based system is used for
making micro-scale models of ice without any support
structure (Fig. 6a). The maximum height of the micro-
scale structures is reported as 200 um. The resolution of
the process is 0.03 mm. Single nozzle deposits the micro-
droplets that undergo freezing (Fig. 6b). The droplet size
is varied by varying the frequency of the piezoelectric
nozzle.

The droplets are sequentially deposited on the previously
frozen structure. It means the previous droplet needs to be
frozen entirely and reached to sufficient sub-zero tempera-
ture for the next droplet to be deposited. Therefore, a delay is
given invariably in all AM processes for one layer to consoli-
date before printing another. This delay in the layers affects
the quality of the printed part [20]. It is experimentally found
that the droplet freezing time ranges from 50 to 300 ms,

based on the droplet size. Therefore, a maximum delay of
300 ms is given for each droplet printing.

This process has a potential application in microfluidic
device fabrication where the micro-scale ice structures can
function as templates [6, 21].

2.5 Ceramic AM

Ceramic parts are made by extrusion of the slurries through
the nozzle similar to Fused Deposition Modelling (FDM)
process. Usually, the deformation is observed for the large
or thin parts since the ceramic slurries are made to have low
viscosity for easy deposition; hence, they have low green
strength. Moreover, they tend to dry slowly due to high water
contents.

Hence, the ceramic slurries are extruded at low temper-
atures. As soon they are deposited, the water in the slur-
ries freezes and turns solid. It strengthens to the previously
printed layers, and they retain the shape until the process
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Fig.6 Micro-scale Structures
Produced by Single-jet Sub-zero
AM Process [6]
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(a) Schematic diagram

completes. This process is called freeze-extrusion. Aque-
ous colloidal slurries of the ceramic materials are freeze-
extruded at — 10 °C. A 10% methylcellulose solution is used
as a sacrificial support material. The 3D-printed part of the
ceramic is later sintered. The minimum resolution obtained
by this process is 0.76 mm [9, 10].

2.6 lIce-based Electron-Beam Lithography (iEBL)

All established additive manufacturing processes can
produce the parts with the resolution in the range of a
few micrometres. For nanoscale structures, there are limi-
tations to the existing AM processes. Ice electron beam
lithography technique can produce geometries with a high
resolution (nanoscale) along with flexible material selec-
tion. In ice-based electron beam lithography, the water
vapour is released on the substrate maintained around
— 140 °C (130 K) to form a thin film of ice. The thin film
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(b) Micro-scale structure

of ice is amorphous due to the condensation of water in
the droplet forms [11]. The Electron Beam (EB) removes
the ice as per the required geometry and exposes the sub-
strate. As soon as the EB interacts with the ice film in the
required pattern, the part of the film vanishes quickly. The
phenomenon of ice removal is not yet much clear; how-
ever, Ding Zhao et al. (2019) claim that the removal of ice
occurs by electron-stimulated reactions occurring due to
radiolytic properties of EB [11].

The exposed part of the substrate is metallized, and the
remaining ice is removed by dipping the substrate in the
alcohol (Fig. 7). The process continues for the subsequent
layer. The electron beam is useful here since it instantly
removes the ice layer with sharp corners [11, 22]. The
cryo-stage is maintained at 130 K throughout the process.
Therefore, there are no thermal stresses involved; hence no
warpage/cracking of the part is observed.
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(a) (b) | (c)

(d) (e)

Fig.7 Ice-based Electron-Beam Lithography (iEBL) [22], (a) cryo-
stage maintained at 130 K, (b) water vapour being condensed and
solidified on the cryo-stage (c¢) concentrated EB being used to remove
the portion of the ice film (d) metallization of the ice film (e) ice film

Fig.8 Ice Jet 3D printing [23]

2.7 lce spray printing

Ice spray printing directly jets the atomized ice parti-
cles from the nozzle. The nozzle can be mounted on the
motion system to create the desired geometry (Fig. 8). A
servo-motor operated spray jet deposits the ice on the cold
substrate. 3D printed pillar-like structure of ice has been
demonstrated [23]. The technique of ice spray can be used
for creating ice sculptures. Ice melts readily; thus, the
3D-printed ice parts are recyclable and do not create waste
compared to plastics. Although the resolution of the process
is low, i.e., approximately up to 5 mm, it may be further
improved with better spraying and control strategies.

removed. (Reprinted with permission from Yu Hong, Ding Zhao,
Dongli Liu, et al., Three-Dimensional in Situ Electron-Beam Lithog-
raphy Using Water Ice, Nano Letters, Copyright 2018, American
Chemical Society)

2.8 Freeze-printing of alloys

Freeze-printing of alloys is an interesting application of the
SZ-AM. With the advent of flexible devices, the need for
manufacturing methods of flexible electronics arises. The
flexible electronics are dependent on the metallic networks
embedded in the polymeric substrates. A novel technique
of alloy freeze-printing allows fabricating the flexible
polymeric parts with an embedded network of liquid met-
als (Fig. 9). The metals such as Indium-Gallium eutectic
alloy are liquid at room temperature. The liquid metals are
deposited in a layered manner on the cold substrate at 0 °C.
As the metal is dispensed from the nozzle, it solidifies and
imparts the structural rigidity for the overhanging features.
The metallic structure is subsequently encapsulated in the
crosslinked elastomeric matrix, and the temperature of the
part is raised to ambient temperature. It retains the metal
at a melted state embedded inside the elastomeric matrix,
and the flexible conductive channels can be fabricated
(Fig. 9). The minimum feature size obtained by this process
is 0.45 mm [24].

2.9 Biomaterial 3D printing

Biomaterials are the ideal materials for the SZ-AM process.
Biomaterials are generally hydrogels, biocompatible colloids
and mixtures. The AM parts made of biomaterials are used
as scaffolds for tissue growth. Sometimes, the solutions con-
taining live tissues are also printed for organ printing.

2.9.1 Hydrogels

Composite hydrogels mimic the structure of the soft tissue.
AM can accurately reproduce the complex shapes of the
biological geometries. Prosthetics and implants can be mass-
customized to provide the tailored size and shape according
to the receiver’s needs. It has been shown that the super-soft
gel 3D printed structures made from polyvinyl alcohol and
phytagel mimic the stiffness exhibited by the soft tissues
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Fig.9 Freeze Printing of the Metallic Materials [24], (a) Room-tem-
perature liquid metals such as Indium-Gallium eutectic alloy (melt-
ing point:15.7 °C) is deposited on the sub-zero surface (b) solidified
metal structure is created on the sub-zero surface (c) elastomeric pre-
cursor is poured on the metallic structure (d) the part is brought to

Fig. 10 Cryogenic 3D Printing
Setup for Hydrogel 3D Printing
(8]
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such as the brain and lungs [8]. A stainless-steel stage is
used to print the hydrogels, and the stage is cooled using the
isopropanol and solid CO, bath that provides the required
temperatures up to -80 °C. Isopropanol helps to distribute
the temperature throughout the stainless-steel stage equally.
Figure 10 shows the schematic diagram of the experimental
setup. The needle deposits the material layer by layer on the
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cold substrate of stainless steel. The structures up to 20 mm
height are printed using this setup.

Syringe-based extrusion of the agar gel and water (40 g/1)
is an exciting finding [25]. In this experiment, the deposition
of the hydrogel material is done on a cold surface, but it is
located inside a closed flask. With the deposition of each
layer, the cooling liquid is also released in the flask around
the layer such that the layer is half immersed in the cooling
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Fig. 11 Hydrogel AM inside a
cooling liquid bath [25]

Printing surface
(z motion)

liquid (Fig. 11). It provides the rapid and uniform cooling
of the material.

Cellulose nanocrystals (CNCs), xyloglucan (XG), Poly-
caprolactone, Bone morphogenic protein-2 loaded calcium
phosphate nanoparticle and poly (L-lactic) acid are cryo-
genically 3D printed using a similar extrusion-based tech-
nique on the cold stage, but the cooling liquid bath is not
used [26-28].

2.9.2 Hollow tubular structures

AM enables the fabrication of the hydrogel-based scaf-
folds structure for tissue growth. However, the scaffold
structure needs to have structural complexity and suitable
surface properties to allow the bone tissues to regenerate
and integrate with the scaffolds. Enhanced vasculature and
osseointegration help in faster and better recoveries from
bone defects [29]. Hollow tubular structures provide the
best solution for bone tissue regeneration and blood vessel
structure development. SZ-AM allows the fabrication of the
hollow tubular structures for the scaffolds. Hollow tubular
scaffolds enable rapid osseointegration. Gelatin-methacry-
loyl (GeIMA) is used for the fabrication of such scaffolds.
GelMA is a semi-synthetic hydrogel that enables the cell
cultivation environment. A syringe-based extrusion setup
is used to deposit material on a cold substrate at -5 °C [30].
The benefit of using SZ-AM over other AM processes for
hollow tubular structures is that the SZ-AM can precisely
control the directional growth of the crystal structure of the
ice, which helps in getting a uniform and hierarchical size
distribution of the pattern.

Printed object

Printer head (x-y

motion) assembly Cooling liquid

v

™\ Cooling liquid dispensing
(1 control valve

le— Constant temperature liquid

container

f—

Constant temperature liquid.

2.9.3 Porous structures with hierarchical pore size

The freeze-fresh technique is a novel technique that pro-
duces the scaffold structure with hierarchical pore sizes,
such as nanoscale, microscale and macroscale [31]. Hierar-
chical pore size provides the sites for better osseointgration.
The freeze-fresh technique uses extrusion, to print the struc-
tures at room temperatures, frozen and freeze-dried later and
crosslinked. It creates a mesh of the pores of varying pore
sizes.

As shown in Fig. 12, the alginate ink is deposited on the
substrate. A gelatin bath is used for supporting the soft and
flexible print structure. Alginate gel is a biocompatible mate-
rial used as a scaffold for cell growth. The printed struc-
ture is then frozen and lyophilized. In lyophilization, the
structure is exposed to low temperature and high vacuum,
sublimating the water content. After lyophilization, the part
is submerged in the calcium chloride (CaCl,) solution. Cal-
cium chloride dissolves the gelatin and helps in crosslinking
of alginate. The alginate part is then submerged in the cell
culture, which helps in cell growth on the printed scaffold
structure.

2.10 Food industry

3D printing is gaining popularity in the food industry since
it increases the aesthetic value of food items. Also, AM pro-
vides tailor-made and well-engineered food items with pro-
portionate ingredients for enhanced palatability. In the cryo-
genic food 3D printing technique, the food item is extruded
from the nozzle [32], and it is submerged partially in the
cryogenic fluid so that the layer being printed is always at a
predetermined distance from the surface of the fluid. It helps
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Fig. 12 Freeze Fresh Technique [31], (a) Alginate ink (biocompat-
ible get) is 3D printed using a syringe and a needle inside a gelatin
bath that provides structural support; it is frozen and freeze-dried at
— 20 °C/- 80 °C (lyophilized) to remove the water content followed

in the directional cooling of the material, which enhances
the crystal stricture of the ice and the food quality [33].

2.10.1 Meats

Slurries of fibrous meats are 3D printed at temperatures
lower than 4 °C. The meat slurries are extruded from the
nozzles in the required shapes. The screw-based extrusion
method gives the best results compared to the syringe-based
and inkjet-based methods. The screw-based extrusion also
enables the proper mixing of the fibrous meat slurry. Slurries
of other food items such as garlic, salt and fats are deposited
in between the meat layers for additional flavour and palat-
ability [34]

2.10.2 Ice creams and chocolates

Robots in Gastronomy is a group that works on implement-
ing technology in the art of making food. Luis E. Fraguada
et al. of Robots in Gastronomy have demonstrated using
a 3D printer to create food items such as ice creams and
chocolates [35]. They use a flash-freezer named Anti-Grid-
dle from Polyscience that has a build plate that can cool up
to — 34 °C. It is ideal for ice creams and pulpy foods like
chocolates [36]. The ice creams and pulpy food items are
deposited using a syringe-type extruder.
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by dipping in calcium chloride (CaCl2) solution at 37 °C, which dis-
solves gelatin and crosslinks the alginate, creating the scaffold which
is then used for cell culture, (b) The process of making porous scaf-
fold from CAD to cell culture

2.11 Construction

SZ-AM is also used in the field of architecture and the con-
struction industry. Ice is an easily available environment-
friendly material. Also, it readily melts and can be reused
when left at room temperature without creating any waste
products. Hence it is proposed to be the best material to
create the scale models of the buildings as a reference and
3D visualization.

2.11.1 Architecture of phase change

The architecture of phase change is the term coined by Prof.
Pieter Sijkpes of McGill University. Ice is demonstrated as a
material to produce the scale models of the buildings [18].
A retrofitted FDM printer makes the ice 3D printed archi-
tectural shapes [37] with specialized toolpath planning [38].

2.11.2 Mars ice house

As a part of the contest at NASA, ice is proposed as a can-
didate material for creating the habitat on Mars. Ice is trans-
parent, abundantly available on Mars and easy to work with.
Ice provides insulation against the frigid Martian environ-
ment. It is easy to create ice structures using 3D printers
[39].
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2.11.3 Cementitious materials and Mortar 3D Printing

Cementitious materials are possible to be 3D printed using
inkjet printing (binder jetting) [40], SLS or extrusion
[41-43]; however, slurry extrusion may be more suitable
for SZ-AM since it helps in maintaining the printed slurry
shape by freezing it and gives stability to the structure as
mentioned in section Ceramic AM. Similarly, Self-Compact-
ing Concrete (SSC) has good flow properties and does not
require any external vibrations for consolidation [44]. There-
fore, the SZ-AM process may be suitable for its deposition.

2.11.4 Pharma

In the pharma industry, there is a requirement for various
chemical assay Kkits to assess the properties of the drugs.
Lab-on-chip is an innovative device that integrates several
laboratory functions on a small-sized chip. Several miniature
devices perform complex chemical processes through the
network of microchannels, sensors, and electrical circuits.
All such devices need the manufacturing of microchannels.
Existing microchannel fabrication processes through photo-
lithography are meticulous and time-taking.

2.11.5 Microfluidics array chips

SZ-AM allows the faster and easier production of micro-
fluidics-based assay kits and drug delivery devices. The
3D-printed ice structures play the role of templates. First,
cold photopolymers are poured over the 3D printed micro-
scale ice templates and cured using light. Later, the ice is
melted out to produce the microfluidic channels in the poly-
meric matrix [5].

2.11.6 Drug encapsulation

Several medicines are a combination of more than two
drugs. The proportion of the drugs varies as per the dos-
age and needs to be accurate. SZ-AM helps make the drugs
with tailor-made composition. The inkjet printhead deposits
the drug solution as per the required quantity on the cold
surface of encapsulation material. The drug solution under-
goes freezing and solidification as soon as it is deposited on
the cold surface. Multi-jet printhead allows the printing of
multiple drugs as per the requirement. After the printing is
complete, the encapsulation material is spread over the 3D
printed rigid structures of the drugs that solidify. After that,
the encapsulated drugs are harvested and packaged [45].

2.11.7 3D Nano-printing for electronic devices

Various electronic devices such as batteries and superca-
pacitors are widely used in various products. These devices
are always optimized for the maximum energy content and
power to weight ratio. An emerging technique called Freeze
Nano Printing (FNP) is used to fabricate devices that allow
complex structures and high energy density.

Graphene Aerogels (GA) are the lightest structures with
high energy density and strength. The aqueous solution of
the GA (0.5 mg/ml) is deposited with the help of the piezo-
electric nozzle on the cold substrate at — 20 °C. Then, the
GA solution undergoes freezing. Ice is used as a support
material. Once the structure is fully printed, it is maintained
at — 190 °C in a liquid nitrogen bath for the ice crystalliza-
tion (Fig. 13). Further, it is freeze-dried to sublimate the ice
content, and the GA parts are retrieved [46, 47].

The low concentration of the GA in the aqueous solution
enables hierarchical porous structures. Additionally, freeze
drying and further reduction by post-processing with high
temperature enable the least dense structures. The GA struc-
tures made by the FNP technique are noted in the Guinness
world record for the least dense 3D printed structures [48].

3 Architecture of the SZ-AM machines

SZ-AM processes require low temperatures; hence it is
essential to note the differences in the architecture of SZ-AM
machines. SZ-AM processes can be classified into two cat-
egories based on their style of deposition head, such as
extrusion-based and liquid jet-based (Fig. 14). The extru-
sion process either uses a screw or a syringe-type extrusion
mechanism. The jet-based process uses either single jet or
multi-jet dispensing.

It is a general observation that the multi-jet printheads
used for aqueous solution use piezoelectric actuation. They
are robust and can handle a wide range of liquids since only
mechanical actuation is involved. However, thermal print-
heads have lower life than piezoelectric printheads and are
very sensitive to the contents of the ink since a part of the
ink undergoes phase change during deposition.

3.1 Extrusion-based system

Extrusion-based systems are largely used for gels and slur-
ries. The bio gels are extruded using the syringes since they
need great precision. Piston-cylinder arrangements extrude
the ceramics due to high pressures generated to extrude even
the highly viscous slurries. The screw-based extrusion is
used for ceramics at a room temperature extrusion purposes
[49, 50]. Research published by Shakor et al. (2020) provides
information on the extrusion of the mortar for construction
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2 — Deposited GO ink
3 - Cold Sink

Fig. 13 Graphene Oxide Structures Produced by Sub-zero AM Pro-
cess [47], (a) 3D printing set up (b) 3D printing of ice support with
Graphene Oxide (GO) as part material (¢) 3D printing of GO suspen-
sion (d) immersing the 3D printed part in liquid nitrogen (e) freeze

SZ-AM Machines

Extrusion-based Liquid Jet-based

— Screw Extrusion Single-jet
o Syrlngejtype Multi-jet
Extrusion

Fig. 14 Classification of the Sub-zero AM Processes
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drying to sublimate the water content and obtain dry GO part (f) the
final ultra-light part placed on a catkin flower to appreciate its low
weight (g) 3D parts made of GA (f) parts with various part thick-
nesses

purposes [42]. Implementation of low-temperature deposi-
tion and freezing of slurry provide better structural stability
to the printed structure. It can be slowly brought to room
temperature as it cures.

For slurry-based materials and food items such as meats
are extruded using the screw-based extruders since the screw
enables uniform mixing of the ingredients of the slurry
mixtures. However, more research is required for the screw-
based extruders since some studies suggest that piston-based
extruders are better for food due to highly viscous material
[51].

The extrusion process uses a ram that pushes the piston
in the cylinder [10]. The ram is pushed using the screw
driven by the stepper motor. In the screw-feeder type
extrusion system, the screw is continuously used for the
material transport to the nozzle. The build time of the part
is dependent on the extrusion rate. The extrusion rate is
directly proportional to the force applied by the extrusion



Progress in Additive Manufacturing (2022) 7:993-1008

1005

ram and the fluid viscosity. Viscous fluids need more force
for extrusion.

Usually, the work platform or substrate is cooled using
liquid nitrogen, solid CO, or a Peltier cooler. In some pro-
cesses, where the part heights are more than 5 mm, the
cooling liquid is filled around the printed part. In some
processes, the insulated work chamber is maintained at
sub-zero temperature.

3.2 Liquid jet-based system

Liquid jet-based systems are classified based on the type of
the dispensing head as a single and multi-jet-based system.

3.3 Single-jet dispensing

For ice 3D printing, the single-jet system is primarily used
to handle liquids with a wide range of viscosity and surface
tension. Water and aqueous solutions have comparatively
low viscosity. A miniature piezoelectric valve is operated
with the help of the voltage waveform and manoeuvred with
the help of the g-codes. It helps to precisely deposit the drop-
let of the liquid only where it is required, known as the drop-
on-demand technique [2].

A single-jet system has a deposition, motion, and freezing
systems. The deposition system consists of a piezoelectric-
based nozzle that ejects the droplets as per requirement. The
voltage pulse is fed to the nozzle, activating the piezoelectric
actuation to eject the droplet [15]. The workspace is main-
tained at sub-zero temperatures using liquid nitrogen and a
refrigeration system [7][52].

There are two adjustable parameters in a single-jet system
that affect the quality of the 3D printed part. The parameters
are water feed rate f and the scan speed v, i.e. the speed of
the motion system. The water feed rate depends on the pres-
sure P and the nozzle diameter d. The quality of the part
can be measured in terms of layer thickness, line width [53]
and surface roughness [54]. The layer thickness can be var-
ied by altering the water feed rate and scan speed. The sur-
face roughness varies with change in the fand v. To predict
the surface roughness theoretically; the water droplets are
modelled as hemispheres. Hemispherical droplet models are
used for surface roughness and layer height prediction [55].
Apart from that, there is another model where the droplets
are assumed to coalesce before freezing, giving a continuous
layer of water. The model is used to predict the layer thick-
ness and surface roughness [54].

In the single jet and multi-jet deposition-based processes,
the material's phase change is involved. The liquid is depos-
ited on the cold surface and is consequently frozen. Hence
it is crucial to determine the freezing time of each layer
before the subsequent layer is deposited. Thermal models are

developed for the SZ-AM processes based on the waterline
method for pure water [56] and an aqueous solution of salt or
dextrose [57]. It is found that the solidification time between
the two successive layers is 0.7 s when the layer thickness
is between 0.1 and 0.15 mm. As the layer thickness goes on
increasing, the solidification time increases too.

Support material selection for the SZ-AM processes is
challenging. The support material for the frozen liquids
such as water and aqueous solutions should be immiscible
with water, have the same contact angle with the water,
and be chemically inert and removable easily from the ice
structures. Oils were investigated as support materials, but
the geometrical accuracy was lost since oil has a different
contact angle with ice. The salt/sugar solution was identi-
fied as a support material for the ice structures. The eutectic
aqueous solution of salt and glucose were investigated. It
was found that the eutectic salt solution has a melting point
of — 21.3 °C and glucose has a melting point of — 5.6 °C.
Although salt gives a good temperature difference, it also
affects the pure water ice by diffusion and melts it during
support removal. Glucose was a better choice since the mate-
rial removal was only 2.4% [58].

3.4 Multi-jet dispensing

Multi-jet systems use a printhead with multiple piezoelec-
tric nozzles that jet the liquid in tandem, as per the given
geometry [59]. The rasterized image is the input for the
multi-jet system, unlike the g-codes in the single-jet sys-
tem. The multi-jet system has benefits over the single-jet
system regarding speed, accuracy and ease of operation. The
3D printed ice structures are demonstrated by the multi-jet
technology [60, 61].

Multi-jet systems use printheads that are capable of
depositing the liquids of the predetermined viscosity and
surface tensions. The freezing subsystem is the unique fea-
ture of the SZ-AM multi-jet machine. The motion system,
deposition system and the related electronics are adequately
insulated to protect them from the low temperatures and the
subsequent condensation of the water vapour. The work-
space is enclosed in an insulated chamber to maintain the
sub-zero temperatures of the part [62, 63]. The support
materials are similar to the single-jet system.

4 Future scope for the research

Even though SZ-AM technologies are being explored for
novel materials since 2002, they are not found commercially
exploited. The following challenges of working inside a sub-
zero environment are bottlenecks for the implementation of
the SZ-AM on a larger scale:
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e The material must remain in liquid form until it emerges
out of the nozzle and shall freeze instantly on touch-
ing the substrate. This requires an appropriate heating
arrangement in the deposition system.

e Asaqueous materials are corrosive, the life of the deposi-
tion system will be less.

e The electronic circuitry of the deposition system shall be
sealed from the condensing moisture due to low tempera-
tures.

e The motion system uses motors, encoders, limit switches
and other electrical/electronic items. These also need to
be protected from damage caused by moisture.

e The temperature has to be measured at multiple locations
in the chamber and controlled by the refrigeration system
to maintain the desired temperature.

e The chamber shall be insulated nicely to prevent heat loss
to the atmosphere.

4.1 System architecture suitable for cooling

SZ-AM process incorporates sub-zero temperatures for the
phase change and maintains their solid state for the desired
time. It involves an appropriate embodiment of the cooling
system. SZ-AM requires variable cooling rates. High cooling
rates are required initially to rapidly cool the system from
room temperature to the desired working temperature. Once
the working temperatures are reached, a controlled cooling
rate is necessary to print the part. The cooling rate deter-
mines the quality of crystallization, strength and geometric
accuracy of the part. Hence, a specialized cooling system
is required.

Another challenge the cooling system poses is the con-
densation of the atmospheric water vapour. If the water gets
condensed and frozen on the motion subsystem parts such
as guide rods, ball screws and linear guides, it may affect
them badly. Also, if the electronics are cooled, the water may
condense on the PCBs, electrical connections and affect their
working. Hence an embodiment solution for the subsystem is
required to address these issues with the system architecture.

4.2 Multi-material capability

SZ-AM process has the inherent capability to work with
multiple materials simultaneously. For example, as discussed
in the applications, photopolymer and water are printed
simultaneously, where water is used as a support material
that can be readily melted. Similarly, multi-jet technology
enables the deposition of multiple materials that can enhance
the part's functionality and develop suitable products.
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4.3 Multi-jet technology and rasterization

Multi-jet technology is faster, gives a higher resolution, and
is easier to operate than the single-jet system. However,
multi-jet deposition technology is different from the single
jet or extrusion-based technology regarding data handling.
As extrusion and single-jet processes accept g-code data, the
multi-jet technique needs rasterized image data readable by
the particular control system for the printhead. In single jet
and extrusion-based processes, the STL file is sliced, and
each slice is stored as a g-code that sends the motion data to
the machine. Similarly, in the multi-jet technique, the STL
file is sliced into the bitmap image, and it is rasterized into
a sequence of 2-bit data for the printhead that allows the
jetting to occur as per the image. Motion and the jetting are
synchronized with each other using an encoder that registers
the exact position of the printhead and gives feedback to the
printhead controller.

Multi-jet systems are not readily available for the various
liquids with a wide range of viscosity and surface tension.
Hence, the solution is required to jet a wide range of liquids
with various surface tension and viscosity ranges. Also, an
open-source platform for the rasterization dedicated to only
AM technology would be a significant breakthrough.

4.4 Application-specific challenges

As mentioned above, there are several applications of the
SZ-AM process. SZ-AM machine requires a tailor-made
approach to design the machine for specific applications.
The materials for SZ-AM can be categorized based on their
flow properties such as density, viscosity and surface tension
and deposition system can be implemented.

However, for applications such as medicine, pharmaceuti-
cals, and prosthetics, the SZ-AM machine also needs sealed
chambers free from any contamination. Biocompatible mate-
rials are preferred for their construction.

It is easier for small-scale parts to construct insulation
chambers; however, a spot cooling approach is suitable for
large-scale parts, such as construction, etc. A constant sup-
ply of cooling gas such as liquid nitrogen/CO2 can be given
in the spot cooling approach.

5 Conclusion

e All AM processes are controlled for temperature and/or
pressure. AM processes are well-established for a wide
range of metals, polymers and ceramics, at ambient or
higher temperatures. However, materials such as gels,
aqueous solutions, colloids, slurries, etc. that are liquids
at room temperature but can be solidified to make frozen
objects useful for various applications. All such materials
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have water as a significant constituent that undergoes a
phase change and maintains the object’s shape.

e SZ-AM process helps in realizing the frozen objects by
layered deposition of these materials in a sub-zero envi-
ronment.

e SZ-AM process finds applications in a wide range of
fields such as medicine, manufacturing, construction,
electronic devices and pharma industries. Each of these
applications is unique and significant.

e As it can be seen from the literature, the SZ-AM pro-
cess inherently takes place inside an insulated chamber
maintained at sub-zero temperature (typically — 20 to —
25 °C). Therefore, SZ-AM machines have to overcome
architectural challenges due to low temperatures and con-
densation of moisture.

e SZ-AM technology primarily incorporates three modes
of material deposition, viz. extrusion, single jet and
multi-jet deposition, based on the viscosity of the mate-
rial. For high viscosity materials, extrusion is suitable,
and multi-jet deposition is the most versatile approach
for low viscosity materials that enable a high resolution,
speed, and ease of operation.

e Multi-jet technology is limited by the narrow range of
viscosity and surface tension. If the multi-jet system is
made to suit a wide range of viscosity and surface ten-
sion, newer materials can be explored for the SZ-AM
process.
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