
By Christian H. Hornung

T
he way we manufacture many of the 
products used in everyday life, such 
as the ingredients in shampoo, the 
plastic components of smartphones, 
the vitamins and pharmaceuticals 
we take, and the packaging that all of 

them come in, has not changed in a signifi-
cant way over the last hundred years. Argu-
ably, these methods of manufacturing are 
even older and were already applied in the 
first large-scale chemical processes in the 
19th century, in which new products such as 
vulcanized rubber, synthetic dyes, or indus-
trial fertilizers were first produced on scales 

unknown to society at the time. The devel-
opment of these industrial processes was 
driven by the benefits of economy of scale, 
with the aim of centralizing, optimizing, 
maximizing, and integrating production. In 
recent years, efforts were made by a series 
of research groups to reverse this trend and 
decentralize, miniaturize, and even digitize 
chemical manufacturing. On page 314 of 
this issue, Kitson et al. (1) report the syn-
thesis of active pharmaceutical ingredients 
(APIs) on demand in a three-dimensional 
(3D)–printed, miniaturized reactor cascade. 
A complete multistep synthesis of the mus-
cle relaxant baclofen was developed and dig-
itized for remote bench-scale manufacture.

Chemical production, whether for pet-
rochemicals or pharmaceuticals, requires 
specialized equipment and facilities, and its 

hazardous nature demands highly trained 
operators. Centralizing a series of chemical 
operations within one large dedicated plant 
is generally a much more sensible approach 
than dividing them up between small, dis-
tributed manufacturers or single-person 
craftsmanship. However, centralized pro-
duction also has its downsides, such as the 
distance to the point of use and the associ-
ated transport and storage issues, which are 
a concern for high-value products with a lim-
ited shelf life (e.g., many pharmaceuticals). 
Recent technological advances are allowing 
us to challenge this old way of thinking, and 
to propose new answers to the question of 
how and where the molecules and materi-
als we use day in, day out should be made. 
Miniaturization and additive manufacture 
are two key elements of these efforts to de-
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The two 3D-printed cylindrical 
static mixers (diameter of 6 mm 

and length of 150 mm) were 
coated with metal catalysts for 

hydrogenation reactions (9).
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centralize chemical production, and Kitson 

et al.’s innovative method of synthesizing 

APIs in a 3D-printed, miniaturized reactor 

incorporates both of these concepts.

The miniaturization of chemical synthe-

sis and analysis, and of the apparatus and 

devices used, has changed laboratory meth-

odologies during the past few decades. Mini- 

and microfabrication techniques introduced 

in the 1980s and 1990s have led to the de-

velopment of new plate- and chip-type con-

tinuous-flow microreactors that can better 

control heat and mass transfer, and in turn 

improve conversion, efficiency, or safety of 

a chemical reaction by orders of magnitude 

compared with conventional reactor geome-

tries (2–4). Microreactor (or flow-chemistry) 

technology makes ultrafast, highly exother-

mic reactions controllable and practicable 

on laboratory and industrial scales. Device 

miniaturization has also changed the way 

chemicals are analyzed. Lab-on-a-chip de-

vices made from glass, plastic, or even paper 

can simplify, accelerate, and reduce the cost 

of clinical diagnostics and remote chemical 

analysis (5–7).

Additive manufacturing techniques, such 

as 3D printing of polymers, ceramics, or met-

als, overcome limitations of conventional 

subtractive manufacturing methods, result-

ing in nearly complete freedom of design. 

Recently, chemical engineers, materials sci-

entists, and others have utilized this poten-

tial of 3D printing for building more efficient 

chemical reactors with geometries that are 

otherwise not accessible. For example, the 

use of 3D-printed metal structures as more 

efficient and tailor-made mixers, catalysts, or 

both in the synthesis of organic compounds 

is currently being investigated by several 

research groups (see the photo) (8–10). The 

ability to design the reactor geometry specifi-

cally for a given fluidic or chemical applica-

tion, and the ability to rapidly prototype the 

device, can give 3D-printed “reactorware” a 

pivotal advantage over traditional methods.

Kitson et al. developed a blueprint that 

digitizes the bench-scale synthesis of APIs 

into a sequence of batch operations con-

ducted in a monolithic polymer reactor. 

The originality of this approach is twofold. 

First, it combines several processing steps, 

including four reactions, two liquid-liquid 

extractions, and a set of evaporations and 

filtrations inside one tailor-made reactor 

device containing several interconnected 

modules. Second, said device can be printed 

on demand for use in a distributed setting. 

All that is needed is access to a 3D printer, 

a library of common chemical starting ma-

terials, and a set of instructions (i.e., design 

files and chemical synthesis protocols), 

and in principle, it would be possible to 

synthesize small amounts of APIs or other 

complex, high-value compounds with a lim-

ited shelf life anywhere. Such an approach 

is strongly aligned with current efforts by 

other researchers working on distributed 

and remote manufacturing of chemicals and 

pharmaceuticals (11), which usually have 

been executed in larger and more intensi-

fied processing equipment. The concept of 

designing the operations such that they can 

be housed inside mobile shipping contain-

ers has been adopted by several industrial 

research and development groups in recent 

years, such as the integrated chemical plants 

developed by the F3 Factory consortium (12).

By demonstrating the multistep synthe-

sis of baclofen in this integrated, benchtop 

device, the door has been opened to mak-

ing complex molecules, such as APIs, on 

demand in nontraditional manufacturing 

environments such as hospitals or even doc-

tors’ offices, bringing manufacturing closer 

to the point of use. These manufacturing 

scenarios might also include remote set-

tings, synthesis of personalized medicines, 

small-scale production of abandoned phar-

maceuticals, or even space missions. 

For this technology to be put into practice, 

a range of regulatory hurdles would have to 

be considered. How would quality control 

and chemical analysis be approached in 

remote settings? Furthermore, how do the 

costs of remote on-demand synthesis com-

pare with shipping, storage, and inventory 

of traditionally manufactured drugs? None-

theless, new technological solutions for the 

manufacture of chemicals and pharmaceu-

ticals in a decentralized setting are needed, 

and these may have economic, environ-

mental, and societal benefits, particularly 

for rural communities and industries (11). 

Distributed manufacturing is a promising 

approach for sustainable and socially re-

sponsible production of goods close to their 

point of use, and Kitson et al. are among 

the pioneers bringing us closer to making 

flexible and potentially movable, portable, 

or even printable minifactories a reality.        j
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QUANTUM FLUIDS

Quantum 
liquids 
get thin
A mix of two bosonic 
particles develops 
attractive forces to create 
a quantum liquid

By Igor Ferrier-Barbut and Tilman Pfau

A
liquid exists when interactions that 

attract its constituent particles to 

each other are counterbalanced by 

a repulsion acting at higher densi-

ties. Other characteristics of liquids 

are short-range correlations and the 

existence of surface tension (1). Ultracold 

atom experiments provide a privileged 

platform with which to observe exotic 

states of matter, but the densities are far 

too low to obtain a conventional liquid be-

cause the atoms are too far apart to cre-

ate repulsive forces arising from the Pauli 

exclusion principle of the atoms’ internal 

electrons. The observation of quantum liq-

uid droplets in an ultracold mixture of two 

quantum fluids is now reported on page 

301 of this issue by Cabrera et al. (2) and 

a recent preprint by Semeghini et al. (3). 

Unlike conventional liquids, these liquids 

arise from a weak attraction and repulsive 

many-body correlations in the mixtures. 

In ordinary liquids, the attraction be-

tween the constituents emerge from weak 

forces such as hydrogen bonds or van der 

Waals interactions, and the repulsion at 

higher density stems from the Pauli ex-

clusion principle for electrons. The ultra-

cold-atom samples that were studied were 

“...in this configuration, 
the droplet does not expand 
like a gas would do 
but stays self-bound and 
behaves like a liquid.”
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