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a b s t r a c t 

In recent years, 3D printing, also known as additive manufacturing, has received unprecedented level of interest 

and attention in the field of analytical chemistry due to its capability for rapid prototyping, decreased fabrication 

time, one-step fabrication, and ever increasing palette of functional print materials. The process of 3D printing 

works by depositing or polymerizing thin layers of material layer-by-layer in order to fabricate the desired object. 

Although all the 3D printers are designed to fulfil the same task, their size, resolution, compatible material, need 

for post-print processing of the object, and cost can vary significantly. This review presents a brief discussion 

on working principles and presents comparisons between stereolithography, digital light processing, two-photon 

polymerization, material jetting, fused deposition modeling, laminated object manufacturing, selective laser sin- 

tering, continuous interface liquid printing, aerosol jet printing, and bio-printing. The review also presents select 

applications in the field of analytical chemistry in which 3D printing was used to advance science. Applications 

considered advance chromatography, extraction and preconcentration, electrochemical applications, microflu- 

idic devices, and spectroscopy. Although, 3D printing has much to offer analytical chemistry, the cost, need for 

post processing of devices, limited print materials, and need for higher resolution still limits broader application 

of the technology. We conclude further advances in printer performance and increasingly functional materials 

are required to achieve the full potential of additive manufacturing in the future. 
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. Introduction & early history 

Additive manufacturing or 3D printing is a technique where a three-

imensional (3D) object is created according to a 3D digital model by de-

osition of materials layer-by-layer using a 3D printer until a final struc-

ure is created. Additive manufacturing is a bottom-up work-flow ap-

roach, in stark contrast to the conventional subtractive techniques such

s milling, drilling, sawing, etc... The concept of 3D printing emerged

n 1977, when W. K. Swainson was awarded a patent for “using a laser

o create covalent cross-linking at the surface of a liquid monomer where the

bject being manufactured rested on a tray that was gradually lowered into

 vat one step at a time ”[1] . Extending this idea in 1981, H. Kodama of

agoya Municipal Research Institute used lasers with liquid photopoly-

er solutions to print objects in three dimensions [2] . This concept was

he earliest 3D printing technology, today known as Stereolithography

SLA). After development of SLA, researchers took keen interest in de-

eloping 3D printing technology to print objects with alternate materi-

ls such as metal, ceramics, etc... This led to development of alternate

rint technologies such as fused deposition modelling (FDM), digital

aser printing (DLP), selective laser sintering (SLS), material jetting, se-

ective laser melting (SLS), and Laminated Object Manufacturing (LOM)

3] . Today, with such large variety of available 3D print technologies,
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esearchers have applied the technology to printing custom labware,

nvironmental studies, tissue engineering, biological sensing, microflu-

dics, lab-on-a-chip devices, medicine, and electrochemical devices [4] .

D printing has gained special attention from analytical chemists due

o advantages like low fabrication cost, time efficiency, and flexibility

o modify surfaces of materials. Additive manufacturing allows users to

roduce complex 3D structures with precision. 

Fig. 1 outlines the steps associated with producing an actual 3D

rinted object. First, a computer aided design (CAD) software is used

or designing a virtual 3D structure in silico. The CAD software also

rovides an idea of expected structural integrity of the finished prod-

ct. The next step is the conversion of CAD file to STL (Standard Tes-

ellation File) format, the basic idea behind tessellation is to covert the

D outer surface of constructed 3D model into tiny triangles known as

facets ” which are responsible in describing the surface geometry of ob-

ect without any representation of texture, color or any other attributes

ssociated with the model. Next step is to transfer the STL file to the

omputer which is connected to the 3D printer before the actual build-

ng of the object takes place on the build stage. Time required and spa-

ial resolution for building can vary significantly depending on the 3D

rinter under use. After completion of the build, the object is ready to

emove off the printing bed. Depending upon the requirements of the
6 February 2021 

ticle under the CC BY-NC-ND license 

https://doi.org/10.1016/j.talo.2021.100036
http://www.ScienceDirect.com
http://www.elsevier.com/locate/talo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talo.2021.100036&domain=pdf
https://orcid.org/0000-0003-1550-2823
mailto:jon.thompson@ttu.edu
https://doi.org/10.1016/j.talo.2021.100036
http://creativecommons.org/licenses/by-nc-nd/4.0/


H. Agrawaal and J.E. Thompson Talanta Open 3 (2021) 100036 

Fig. 1. Steps involved in 3D printing of an object. 
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nal product, the final step, postprocessing can vary and involves steps

ike painting, sanding, smoothing and gluing. The post processing can be

ery significant, especially when the fabricated device must be biocom-

atible for its intended use. For instance, previous studies have shown

hat the residual photo-polymers used in 3D printing are highly toxic

o zebrafish embryos, resulting in fatality [5] . Rinsing / cleaning fabri-

ated devices with ethanol or treatment with UV light post-printing was

equired to make devices suitable for culture of zebrafish within the de-

ice. A summary of currect 3D print technologies is presented within

able 1 , and within Section 2 below. 

. Types of 3D printers 

.1. Stereolithography (SLA) 

Stereolithography was developed by Chuck Hull in 1986 and was

he first commercially available 3D printing technique [6] . Hull used

 350 W mercury short arc lamp as a light source and UV photocur-

ble resin of urethane dimethacrylate resin with a small fraction of pho-

oinitiators (arcrylic acid, benzophenone) methyl ethyl hydroquinone

MEHQ)/triallyl phosphate to inhibit premature polymerization. SLA is

ased on photopolymerization and has several different configurations

ut commonly consists of vat of photocurable polymer, movable plat-

orm, and a light source. The most popular configurations are layer and

ath configuration (free surface configuration) as illustrated in Fig. 2 A.

n bath configuration, the photopolymerization occurs when light inter-

cts with the photocurable resin at the surface. Once the layer of the

esin is photocured, the platform stage emerged in vat containing the

hotocurable resin descends once the layer is completed and process of

hotopolymerization occurs for each layer. The major disadvantage of

his configuration is the height of the product due to limited height of

he vat. Common light source used with this configuration are UV light,

g-Cd laser, and LED sources. In layer configuration, the product height

s not limited by the height of the building platform. The light passes

hrough a transparent window at the bottom of the photopolymer vat

o interact with photocurable resin. Once the layer is photocured, the

tage emerged in the resin reservoir starts moving upward to refill the

ap between the window with fresh resin, and the print process contin-

es. 

In SLA, the surfaces of printed parts are usually cleaned and rinsed to

emove uncured resin post printing. To ensure highest possible stability
2 
nd strength, 3D printed parts sometimes may also require post-print

uring. These steps collectively are often referred to a ‘post-processing’

nd this additional labor may require significant time and effort. Print-

ng speed for SLA can vary depending on the printer model in use, with

 trade-off between speed and quality (resolution). For example, reso-

ution in Z-axis layer height can be adjusted between 25 - 300 microns

n one of the widely used FormsLab SLA 3D printer with x,y resolution

f 25 micrometers possible ( https://formlabs.com/blog/ultimate-guide-

o-stereolithography-sla-3d-printing/ ). Generally, SLA type printers are

onsidered to feature relatively slow print speeds and are bounded by a

aximum of 1000 cm 

3 object volume per hour. However, printing speed

nd quality can vary significantly between different models of printers.

ince SLA relies on the use of curing of resin with use of lasers (vary

ith power of the UV light source), the lasers only have a small surface

rea to cover which can limit the speed of printing. 

.2. Digital light processing (DLP) 

Stereolithography and digital light processing printing techniques

re very similar in terms of principle. Both of the techniques utilize se-

ective cross-linking of photocurable resin in layer-by-layer fashion in

rder to produce a free-standing 3D object as shown in Fig. 2 B [7] . The

ain difference between both technique lies in the steps involving cur-

ng of photopolymer resin. In DLP each 2D layer is exposed to an image

f the entire layer all-at-once, rather than a point-by-point scanning ap-

roach which is commonly seen in SLA [8] . Due to each layer of resin

uring all-at-once in DLP, the build time is significantly less than SLA.

 high-resolution 2D projector exposes each build layer by passing UV

ight thru through a shallow pool of transparent photopolymer resin

nown as the ‘basement.’ The projector sits beneath the resin container

nd projects a light pattern image to cure the photocurable resin ac-

ording to the blueprint. Once the layer is photocured, the part affixed

o the build platform is raised a small distance (e.g. one layer) by the

elp of a stepper motor, and the next layer is polymerized. This process

s repeated until the 3D object is fully rendered. 

Kowsari et. al. presents work with digital light processing to at-

ain lateral and vertical resolution to 7 μm and 4 μm while minimiz-

ng surface roughness and fabricating transparent devices [9] . The au-

hors achieved this by considering a wide variety of resin formulations

eveloped within their laboratory to determine the optimal formula-

ions that yield best print resolution and surface quality. The efforts of

https://formlabs.com/blog/ultimate-guide-to-stereolithography-sla-3d-printing/
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Table 1 

Characteristics and Fig.s of merit for current print technologies. 

Printing Technology Material Advantages Disadvantages Surface Roughness Print speed Resolution 

Stereolithography 

(SLA) 

Photocurable 

resin/polymer 

Bio-compatible resins, 

multi-material, 

co-printing, good surface 

quality 

Requires 

post-processing 

Depends on 

orientation, Trade-off

between resolution 

and speed. Usually, 

μm range 

< 14 mm/h 50 – 100 𝜇m 

Two-photon 

polymerization 

UV-curable resin Very high print 

resolution 

Low yield, high 

cost 

Can be nanometer 

dimensions 

< 360 mm/h 50 – 500 nm 

Fused deposition 

modelling 

Thermoplastics (PLA, 

ABS, PA etc…) 

Simple, low-cost, 

multi-material 

Lower resolution, 

slow build rate 

Quality of surfaces 

are satisfactory and 

can be improved by 

post-processing 

50 -150 mm/h 100 – 150 𝜇m 

Robocasting Ceramics, metal 

composites, food, 

living cells 

Versatile Requires 

post-processing, 

low resolution 

Can reach 

sub-micron level 

with ceramics 

3600-100 mm/hr 

(linear deposition 

rate) 

1 – 200 𝜇m 

Laminated object 

Manufacturing 

Metal, paper, ceramics, 

plastics 

Versatile Limited mechanical 

properties, design 

limitations 

Usually μm 

dimensions - can 

vary significantly 

with surface angle 

and layer thickness 

100 – 150 𝜇m 

Selective Laser 

Sintering 

Metal, thermoplastics Support material not 

required 

Requires 

post-processing, 

high cost 

Surfaces are 

homogeneous due to 

elimination of 

support structure, 

produce more 

porous parts than jet 

fusion 

< 48 mm/h 50 – 100 𝜇m 

Selective laser 

melting 

Various powder beds, 

including metals 

Support material not 

required 

High cost Roughness varies 

with the sloping 

angle but can reach 

2-20 μm 

200-300 mm/h 20 – 100 𝜇m 

Bioprinting Agarose, chitosan, 

graphene, gelatin, etc.. 

Incorporation of 

biocompatible materials 

Limited mechanical 

properties, 

possible shrinkage 

after printing, slow 

build rate 

Roughness vary 

depending on the 

printer used for 

fabrication 

Depends on the 

printer being used 

& material 

< 100 𝜇m 

Continuous Liquid 

Interface printing 

UV-curable resin High speed Requires low 

viscosity resin 

Depends on the slice 

thickness but 

roughness can reach 

1-150 μm 

20-100 times 

faster than SLA 

25 – 75 𝜇m 

Aerosol Jet printing Solvent based 

polymers, metal 

nanoparticle ink, 

diluted thick plastics 

Uniform thin-film 

coatings of UV- curable 

materials on planar 

surfaces, high resolution 

Requires low 

viscosity resin 

Can reach < 100 𝜇m, 

depends upon ink 

particles 

Down to 10 𝜇m 

Fig. 2. (A) Schematic of SLA for both bath configuration (left) and layer configuration (right). Fig. reprinted from Ref. 3 with permission of American Chemical 

Society. (B) Schematic of DLP fabrication. Fig. reproduced from Ref. 7 under CCBY license. (C) Comparison of conventional SLA utilizing single photon poly- 

merization with build occurring at the work surface and 2PP where polymerization occurs within the spot focal volume in the photocurable resin. The images 

of the cuvettes at top illustrate fluorescence observed using a UV beam (left) and 2-photon excitation on right. Reproduced from Ref. 12 with the permission of 

the publisher. (D) Schematic of Polyjet printing. Fig. reproduced from Ref. 13 with attribution under CC 4.0. (E) Schematic illustrating Fused Deposition Mod- 

elling. Image reproduced from Ref. 14 under CCAL license. (F) Schematic of Laminated Object Manufacturing (LOM). Fig. reproduced under C.C. license from 

https://commons.wikimedia.org/wiki/File:Laminatedobjectmanufacturing.png#/media/File:Laminatedobject manufacturing.png. (G) Schematics of Selective Laser 

Sintering. Fig. reproduced from Ref. 21 with permission. (H) Schematics of continuous liquid interface printing. Oxygen diffusion thru the window creates a poly- 

merization dead zone near the surface of the window. Reprinted from Ref. 24 with permission of publisher. (I) Schematic of aerosol jet printing. Fig. reproduced 

from Ref. 25 under the terms of the Creative Commons CC BY license. 
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hese authors has achieved masterful application of the DLP print tech-

ique, with promising applications / implications in micro-optical and

icrofluidic fabrication using the DLP-based 3d print technique. 

.3. Two photon polymerization 

The use of conventional additive manufacturing techniques in fabri-

ation of miniaturized components used in photonics and micro-optics

as historically been challenging and the devices produced inconsistent.

n exciting recent development offering potential improvement is the

evelopment of 2-photon polymerization. Two photon polymerization

2PP) 3D printing technique uses femtosecond lasers producing near –

R photons to allow the microfabrication to occur at nanoscale dimen-

ions. 2PP can achieve sub-micrometer ( < 200 nm) level spatial res-

lution and 15 nm surface roughness because photopolymerization is

onfined to only a nanoscopic focal volume at which the NIR photon

ensity is significant enough to achieve the requisite summative pho-

opolymerization (illustrated in Fig 2 C) [10–12] . In contrast to single

hoton polymerization as in traditional SLA where the polymerization

ccurs at the surface, in 2PP the photopolymerization occurs within the

olume of the photocurable polymer at a tightly focused point. The high

esolution is paired with the capability to move/scan the focal point of

he laser in any direction, therefore 2PP does not require a moving build

tage. Two photon polymerization is the highest spatial resolution 3D

rint technique available at present, and is compatible with broad range

f polymers which are frequently used in microfluidic applications. De-

pite 2PP’s very high resolution, the technique has not been widely due

o its very high setup cost associated with the laser. Such pulsed fem-

osecond laser systems alone typically cost > $65,000 USD without the

equired beam scanning optics and the control and command computer

orkstation. 

.4. Material jetting 

Material jetting, also known as photopolymer inkjet printing, poly-

et printing, multi-jet modelling, or multi-jet printing, was patented in

999 by Objet Ltd. Polyjet printing is a combination of inkjet printing

nd photopolymer deposition [13] . In binder jetting, a photopolymer is

eposited on top of a moving platform with aid of a jetting head as illus-

rated in Fig 2 D. Once the layer of photopolymer is deposited according

o the CAD file, an attached UV curing lamp is used to simultaneously

ure the photopolymer. Material jetting allows precise deposition of the

hotopolymer (spatial resolution approx. 20 micron) and if multiple jets

re used the user can print multiple materials which allows deposition

f multi-functional materials. One complication of polyjet printing is the

eed to deposit the print job upon a solid support material, which can

ometime limit the size and complexity of the product. Removal of the

axy supporting material can be difficult. To counter this problem com-

anies like Stratasys Inc. have recently developed a sacrificial material,

UP706, which can be removed by dissolving in NaOH(aq). 

.5. Fused deposition modelling (FDM) 

Fused Deposition Modelling (FDM) is one of the most popular

D printing technology due to its low cost, simple printing mechan-

cs and wide selection of materials such as acrylonitrile-butadiene-

tyrene (ABS), poly(ethyleneterephthalate) (PET), poly(lacticacid)

PLA), poly(carbonate) (PC), poly(vinyl alcohol) (PVA), thermoplastic

lastomers (TPE), glass, and nylon. In FDM, a temperature controlled

rint head is responsible for heating and converting the filament ma-

erial into molten or semi-molten state and extruding a pattern next to

nd/or on top of a previously extruded layer (see Fig. 2 E) [14] . Thus,

xtrusion of the soft polymer creates an object layer-by-layer. FDM can

e used to make objects with different printing materials simultaneously

f different nozzles are used for each material. Robocasting or commonly

nown as direct ink writing (DIW) is based on similar principle as FDM,
4 
nstead of solid filament, a viscous liquid is extruded from nozzle which

esults in greater flexibility. Robocasting was first developed to produce

reeform objects with low-binder slurry in 1996 at Sandia National Lab-

ratories [15 , 16] . It allows one to rapidly design and produce complex

D printed structure using ceramics in layer-by-layer fashion without

eed of dies or expensive tooling. DIW is commonly classified into two

ifferent approaches – Droplet based DIW (Ink-jet Printing, Hot-melt

nk-jet printing) and Filament based DIW (Robocasting (in air), Robo-

asting (in oil), Micropen writing) [17] . 

For FDM, the printing speed increases with increasing layer thickness

ut with compromised z-dimension resolution. For FDM, z-dimension

esolution usually is between 20-300 micrometers for commercially

vailable products and x,y resolution similar to 0.8 mm. Printing speed

an also vary depending upon choice of extruder nozzle, travel time

f extruder head, wall infill density, and whether the part itself is

ollow or solid. In FDM, the printed object can be removed with

ase from the printer and design flaws (surface holes or roughness)

an be corrected with use of ABS-acetone compound or epoxy resin.

anding, vapor smoothing, polishing, gap filling, cold welding are

ome of the post-processing techniques which are commonly used for

DM ( https://www.3dhubs.com/knowledge-base/post-processing-fdm-

rinted-parts/#vapor ). 

Print speed may also impact other mechanical properties of printed

evices. Ł ukasz Miazio has investigated the impact strength of printed

aterials as a function of printing speed of objects for FDM [18] . It was

ound that the force required to break the printed device could be in-

reased by 50% when slow (2 cm s − 1 ) print speeds were used compared

o fast printing (9 – 10 cm s − 1 ). Thus, the end-user can adjust print speed

o meet requirements of specific applications. Perez et. al. performed ex-

erimental studies on print surface quality with samples of PLA printed

sing FDM [19] . The results of the experiments indicated that specifying

maller layer and wall thickness during printing leads to improvements

n surface roughness. Alternatively, print path, print speed, and extruder

emperature showed no clear influence on surface roughness. 

.6. Laminated object manufacturing 

Laminated Object Manufacturing (LOM) is combination of addi-

ive manufacturing and subtractive manufacturing. Considering Fig. 2 F,

ayer fabrication starts with sheet of paper or synthetic polymer being

dhered to substrate with the laminated roller. Once the layer is spread

n the building platform, a carbon dioxide laser or blades attached to

he print head traces an outline of the layer according the CAD file. The

latform then moves down and a fresh sheet of building material can

e spread. The process of cutting is repeated layer-by-layer. LOM offers

 fast solution to print objects with larger dimension with higher build-

ng speed as compared to other additive manufacturing processes, but

he material within a given layer must be the same. Since the building

aterial is held in place and does not move outside the model con-

our during the lamination process, a support material is not required.

echigias has studied how print parameters affect surface roughness for

OM [20] . This author reports that statistical analysis of the experimen-

al results determined that the surface roughness depends mainly on

he heater temperature, layer thickness, and laser speed. Through care-

ully controlling these variables the end-user can optimize print surface

oughness. 

.7. Selective laser sintering 

In selective laser Sintering (SLS; Fig. 2 G), a powerful beam of laser

CO 2 , Nd: YAG) is responsible for softening, melting, and solidification

f a powder [21] . A thin layer of powder (wood, acrylic, plastic, metal,

rotein, ceramic) is spread onto to a build stage evenly with a help of a

oller. In next step, a powerful laser beam fuses the particles together ac-

ording to the cross-sectional model design. Once the layer is completed,

https://www.3dhubs.com/knowledge-base/post-processing-fdm-printed-parts/\043vapor
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he building platform moves downward, and the process repeats layer-

y-layer. Since the laser only focuses on certain part of the building

aterial, the remaining un-sintered material can act as support mate-

ial and can be reused or recycle which results in less waste of material.

he resolution and roughness of the printed object depends significantly

pon the size of the building material, particles with bigger size results

n higher roughness and lower spatial resolution [22] . 

SLS 3D prints are known to offer surface roughness far more coarse

han alternative fabrication methods. In order to explore the limits of

his print technique, Petzold et. al. systematically studied the effect of

oller speed, laser power, scan spacing and roller speed on surface rough-

ess with different powder types (recycled vs. virgin) [23] . The surface

oughness of the build object varied from 12-24 μm with change in pa-

ameters, and the authors analysis led to conclusion that powder, and

oller speed affected surface roughness the most. 

.8. Continuous liquid interface printing (CLIP) 

A recent development in the field of stereolithography is the intro-

uction of continuous liquid interface printing (illustrated in Fig. 2 H)

24] . Methods such as selective laser sintering, fused deposition mod-

lling, and stereolithography relies on layer by layer printing and is

herefore a fairly slow process to create a complex 3D object (many

ours). CLIP offers an alternative to conventional approaches because

n imaging unit is used to continuously project an image inside of a

enewable vat of photopolymer liquid and printing can be carried out

ontinuously in time, rather than layer by layer. 

Oxygen has long been known to inhibit free radical polymerization

n stereolithography which can lead to surface tackiness and incomplete

ure of the resin. While this is typically a problem to overcome, CLIP uses

his as an advantage. At the base of resin vat, CLIP uses an oxygen per-

eable window (Teflon AF) just above the light source. Oxygen freely

iffuses thru this window which creates a thin (tens of micrometers)

olymerization free zone, also known as dead zone . The liquid phase

ead zone restricts the polymer from adhering and curing to the pro-

ection window. A digital light imaging unit projects a sequence of UV

mages through the oxygen permeable window below liquid resin vat.

t the top of the dead zone, photopolymerization occurs and the cured

art of the resin is drawn out continuously from the vat. This creates

uction forces which are responsible for constantly renewing the liquid

esin. Because the dead zone is a continually renewable fluid, photopoly-

erization proceeds continually in time, eliminating the need for time

onsuming print sequences and allowing more rapid production of parts.

.9. Aerosol jet printing 

Aerosol jet printing (illustrated in Fig. 2 I) uses an aerodynamic jet

hich can deposit functional inks directly onto the substrate with high

ccuracy and precision [25 , 26] . The active ink is converted into small

icron-sized droplets via ultrasonic atomization to create an aerosol.

n aerosol is an often complex collection of liquid or solid droplets

ispersed in air [27] . Due to the small size of droplets, solvent evap-

rates which results in reduction in droplet size. The generated droplets

re transported to the deposition head with the help of carrier gas. The

eam is collimated in the deposition head, and a sheath gas surrounds

he beam of transported droplets. The droplets enter to the deposition

ozzle where aerodynamic focusing of droplets occurs. Finally, droplets

re injected towards the substrate by an impinging jet and droplets im-

act upon the target surface yielding a printed pattern. 

.10. Bioprinting 

The concept of 3D bioprinting involves the patterned deposition of

ells, nutrients, growth factors, and other biomaterials layer-by layer to

roduce tissue-like structures or biocompatible scaffolding upon which
5 
dditional tissues can grow and develop. The process of 3D bioprint-

ng involves four major steps in the following order: data acquisition,

aterial selection, bioprinting, functionalization. For data acquisition,

echniques such as X-ray, computed tomography, magnetic resonance

maging etc... are performed to obtain 3D model which can be further

sed in reconstruct, scan or directly used with CAD software. Material

or bioprinting can include growth factors, hydrogels, cells etc. accord-

ng to the requirement of the application. Bioinks are the combination

f biomaterials or sometimes simply regarded as cell-laden hydrogels.

unctionalization is the step which is taken after the printing to dis-

erse cells forming connections like natural organ/tissue through chemi-

al and physical simulation [28] . Mainly droplet-based, extrusion-based

nd photocuring-based bioprinting approaches are conducted according

o different printing materials and requirements. 3D Bioprinting is be-

ieved to hold much promise, and ambitious investigators have touted

he techniques capability to produce artificial tissues and organs for pa-

ients [29–32] . 

.11. 4D printing 

4D printing describes the fabrication of 3D printed devices which

an change shape and/or size when exposed to external stimuli such

s temperature, pressure, solvents, touch, pH, shear, or electromagnetic

adiation [33–36] . In principle, any of the previously mentioned hard-

are could be used to fabricate 4D devices that evolve or change in

ime. Indeed, the largest challenges faced for 4D printing is designing or

nding print materials with a composition that allows the desired func-

ional change to occur upon application of stimuli [37 , 38] . Therefore,

uture developments in the field of 4D printing is uniquely a challenge

or the field of chemistry. At present investigators have introduced hy-

rogels for thermal actuation [39] , hydrophilic polymers for sensing sol-

ation environment [40] , and even magnetic and conductive materials

o achieve actuation [41] . Ref. 28 provides a very recent review article

hich presents current developments in materials for 4D printing, and

e refer readers to that work for additional depth of analysis. 

. Applications of 3D printing for analytical chemistry 

At initial consideration, many analytical chemists may consider 3D

rinters to be a laboratory novelty most suited for rapid production of

ncillary components and parts (hardware) for analytical systems. In-

eed, many manuscripts have been reported in the literature outlining

his approach [42–45] . Within this paradigm of thought, 3D printing

ay not seem to offer many technical advantages to conventional sub-

ractive fabrication (grinding, cutting, milling, etc…). After all, mechan-

cal fabrication can produce parts in a variety of materials with vastly

ifferent strengths, conductivity, etc… with spatial precision measured

n micrometers. However, this overlooks the fact that digital plans for 3D

rinted devices can be easily shared and printed by individuals world-

ide – even when those individuals may not have access to subtrac-

ive machining facilities. More importantly, 3D printers capable of si-

ultaneously printing multiple, functional materials are capable of em-

edding functional components such as circuit traces, windows, valves,

oving parts etc… within the interior of the device as it is fabricated.

his capability offers the potential for automated, single step printing of

holly functional devices. Subtractive manufacturing cannot offer this

apability, and multiple steps to assemble and / or engineer the device

s generally always required beyond the drilling, grinding, cutting or

illing operations. It is the authors opinion, that the ability to print

ultiple materials in a single run is the technical advantage that truly

eparates the potential of additive manufacturing from conventional ap-

roaches. This is not to infer that the technology has reached a stage of

aturity that 3D printing should be considered superior to conventional

abrication (in most cases it is not superior). However, as further ad-

ances in print materials, speed, resolution and availability occur over

he next few decades, additive manufacturing may eventually surpass
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Fig. 3. (1) CAD renderings of 3D printed col- 

umn ‘packing’ units used by Nawada et al. (a) 

truncated icosahedra (spheres), (b) tetrahedra, 

(c) octahedra, (d) triangular bipyramids and 

(e) stella octangulae. (2) 3D Spiral chromato- 

graphic column printed by Gupta et al. A mono- 

lithic separation bed was polymerized inside of 

the column and inside to elute intact proteins. 

Elution order is ribonuclease A (1), trypsin in- 

hibitor (2), cytochrome C (3), lysozyme (4), 

trypsinogen (5), 𝛼-lactalbumin (6), transferrin 

(7), myoglobin (8), 𝛽-lactoglobulin A (9), 𝛽- 

lactoglobulin B (10). (3) The three chromato- 

graphic bed designs reported by Fee et. al. (a) 

simple cubic beads, (b) straight parallel chan- 

nels, (c) herringbone channels. All Fig.s repro- 

duced with permission of publisher. 
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onventional methods. Thus, the applications section of this manuscript

resents recent developments in the field that demonstrate the potential

f 3D printing and begin to push technical limits for the major technical

ub-divisions of analytical chemistry. 

.1. Chromatography 

Chromatography is one of the most popular techniques used for sepa-

ation of mixtures and requires a stationary phase with precisely ordered

orphology to improve performance in industrial and analytical meth-

ds [46] . One of the major limitations in the slurry packing method

ncludes control over particle shape, size, and position which can re-

ult in detrimental effects on separation efficiency [47 , 48] . Convention-
6 
lly, spherical particles have been considered the best particle shape for

acking chromatographic columns. Yet, 3D printing holds substantial

romise for creating chromatographic beds of various shapes, configu-

ations, and dimensions not previously explored [49] . One current area

f study is the application of 3D printing to create perfectly ordered

hromatographic beds of varying particle geometry. 

For example, Newada et. al. studied the 3D printed ordered beds

ith different particle shapes including octehedra, tetrahedra, stella oc-

angulae, truncated icosahedra [50] . The truly innovative particle ge-

metries explored are illustrated in Fig. 3 . The results indicated tetra-

edral packed columns could yield reduced plate height with respect to

pherical particles. The use of 3D printing and ability of precise control

n fabrication of the chromatographic bed has called into question the
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onventional thought of the superiority of spherical particles. Homoge-

eous printed beds are proposed as an alternative to improve chromato-

raphic efficiency by assuring reproducible packing with corresponding

eduction in height of theoretical plates [51–54] . 

A second major area of research is use of 3D printing to create inno-

ative chromatography column channels and tubes that can be packed

ith more conventional phases. This bypasses the caveat of the limited

umber of materials able to be printed while maintaining the ability

o create compact columns of varying geometry. While the previous

ffort focused on column construction without demonstrating separa-

ions, Gupta et al. have reported chromatographic separations within a

D printed micro-bore channels using titanium alloy (Ti-6Al-4V) with

elective laser sintering to produce compact, temperature and pres-

ure stable columns (see Fig. 3 ). These authors did not print a sta-

ionary phase, but rather elected to use a (poly)butyl methacrylate-

o-ethyleneglycoldimethacrylate monolithic stationary phase which

as polymerized within the channel to achieve reversed phase high-

erformance liquid chromatography [55] . The authors were able to sep-

rate peptides released after digestion of E.coli in less than 35 minutes

ith roughly 40 chromatographic peaks observed by absorption at 210

m. Gupta et al. also took advantage of 3D printers ability to create

on-linear columns and designed and fabricated different 3D printed

olumns (2D serpentine, 3D spiral and 3D serpentine) in titanium for

iquid chromatographic separations [56] . Van Deemter plots obtained

ndicated higher aspect ratio turns yield higher efficiency for 3D serpen-

ine chromatographic columns. Thus, this was the optimal geometry for

eparations in 3D printed channels. Fee et al. have also explored a conve-

ient method to fabricate homogeneous columns using monodispersed

pheroidal particles in simple cubic packing arrangement and chromato-

raphic columns with herringbone and multiple parallel straight chan-

els [57] . The structures produced are illustrated in Fig. 3 . The station-

ry phases were almost exact copies of the digital design models but the

uthors also observed slight irregularities due to lack of control over

actors such as surface tension, defects during printing, and the printer’s

patial resolution. Because factors such as heterogeneity, irreproducible

article shape and configuration or placement can degrade the perfor-

ance of packed beds, band broadening can result due to bed inhomo-

eneity [58–60] . However, current state-of-the-art should not be viewed

s fundamental limits. Many of these column defects can presumably be

orrected as 3D print technology improves in the future. 

As 3D printers continue to improve performance specifications (spa-

ial resolution, speed, and especially diversity of print materials) the

uture seems bright for exploring a variety of chromatographic media.

he layer-by-layer print approach can provide ability to print complex

esigns of voids or channels not possible with traditional packings [61] .

uture advances in 3D printing will likely bring unprecedented potential

o fabricate such stationary phases with high precision, low cost, ma-

erial flexibility, speed, and lead to improvements in chromatographic

erformance [62] . 

The use of 3D printing has not been limited solely to liquid chromato-

raphic beds. Phyo & coworkers used a 3D printer to fabricate a square

piral, one - meter long gas chromatography column on a 3.4 × 3.3 × 0.2

m planar device [63] . A coating of stationary phase (OV-1) was applied

o the inner wall of the 500 𝜇m diameter micro-channel. The authors re-

orted that the 3D-printed column demonstrated acceptable separation

erformance for gas mixtures which contained alkanes, aromatics, alco-

ols, and ketones. The 3D printed metal columns with OV-1 stationary

hase were used to perform separation of twelve alkanes (C 9 - C 18 , C 22 ,

 24 ) without significant peak tailing nor was column bleeding observed.

ucklum et al. designed and fabricated a 3D printed GC – based ethy-

ene sensor based upon a 36 cm column packed with Carbosieve – SII

articles [64] . As illustrated in Fig. 4 , the entire device was only a few

entimeters on edge and detection was achieved with a SnO 2 metal ox-

de sensor within approx. 1000 seconds, making the device potentially

ortable. Detection limits of 35 ppb (3 𝜎) were reported for ethylene. 
t  

7 
.2. Applications of 3D printing to extraction & preconcentration 

Central to numerous analytical procedures is the ability to selec-

ively extract and preconcentrate analyte from complex samples prior to

onducting an analytical assay. Additive manufacturing can be used to

apidly prototype and produce extraction cartridges. Su et al. fabricated

 solid phase extraction device using porous composite, commercially

vailable filaments (Lay-felt, Gel- Lay, and Lay-Fomm) for enhanced ex-

raction of metal ions using multi-material, three-dimensional printing

echniques [65] . Remarkably, 3D printed SPE columns prepared from

ommercially available filament were able to perform near quantita-

ive extraction of several metal ions including Zn, Cd, Mn, Co, Ni, Pb

nd Cu from natural water samples prior to elution with 0.5% HNO 3 

nd detection via ICP-MS. The highest extraction performance was ob-

erved with column packed with porous composite of Lay-Fomm 40 with

imit of detection ranging from 0.3 to 6.7 ng L − 1 and extraction effi-

iency greater than 99.2%. The extraction column was designed using

olidWorks 2013 and featured an innovative pattern of stacked inter-

acing cuboids printed with a 45 deg. twisting angle each layer (see

ig. 5 part (A) for visual aid) using an DS4 dual extruder FDM 3D

rinter. The porous composite served as the inner packing and ABS poly-

er was used for printing the outer column. The filament itself (Lay-

omm) is polyurethane, according to the manufacturer’s information,

nd polyurethane has previously been widely applied in extraction of

etal ions. The 3D printer was operated with two 0.4 mm copper noz-

les at 260 C and the entire printing process took 92 min. The direct

rinting of the inner column with porous material and the elimination

f porous end-column frits reduced back pressure which allowed higher

ample loading flow rate. 

While the unique chemical characteristics of Lay-Fomm filament al-

owed metal ions to bind to it in the previous application, other ana-

ytes may require more conventional sorbents. In such cases, 3D print-

ng can be used to rapidly produce flow cells to hold sorbents. In one

uch work, C. Calderilla and coworkers designed and fabricated a 3D

rinted sorbent disk holder, enabling a fully automated solid phase

xtraction device to determine Cr (VI) in water samples using stere-

lithography [66] . The analytical method was based on complexation

f Cr (VI) with 1,5-diphenylcarbazide in acidic medium. The sorbent

as not 3D printed, but instead C-18 bonded silica, polystyrenedi-

inylbenzene (SDB-XC) and polystyrenedivinylbenzene reversed phase

ulfonated (SDB-RPS) disks from 3M were used as SPE sorbents and this

ommercial product was installed within the 3D printed filter holder.

he extracted complex was eluted with a methanol-sulfuric acid mixture

fter flow injection analysis at spectrophotometric quantification of the

luted complex was achieved at 𝜆 = 540 nm. Acetone, carbon tetrachlo-

ide, methanol, hexane, chloroform, acetonitrile, ethanol, ethyl acetate

ere used to demonstrate combability with the fabricated 3D printed

evice. The authors also considered potential interfering ions such as

n (II), Hg (II), Mo (VI), Cd (II), Co (II), Cr (III), Cu (II), Pb (II), Mn

II), Ni (II), V (V) and Fe(III). The calibration curve obtained for Cr(VI)

oncentrations indicated a linear range of 3.2 - 600 ng and limit of detec-

ion of 1ng. Satisfactory recoveries were obtained for different samples

f Cr(VI) ranging from 95% to 105%. 

Other authors have also explored true hybrid or functionalized mate-

ials for 3D printed extraction devices. Rodas-Ceballos et al. fabricated

 3D printed, cube-shaped device using an SLA 3D printer to achieve

fficient extractions of uranium (IV) [67] . The designed device is de-

icted in Fig. 5 and was a porous cube with edge dimension of 10.62

m, volume of 0.8mm 

3 with a separation of 0.6 mm between each com-

osite cube. The 3D printed cube material was not suitable for selective

xtraction, so the authors deposited a commercial resin (TEVA resin an

liphatic quaternary amine selective for tetravalent actinides) on the

urface of a non-cured 3D printed device. To immobilize TEVA on the

D printed device, the print resin was cured after soaking within TEVA

y exposing the entire device to UV light at 365 nm. Results indicated

he TEVA resin achieved recovery of 90% with R.S.D. of 2.9% and a
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Fig. 4. Top: 3D Printed GC columns printed in 

HTM140 M plastic (left) and transparent poly- 

mer showing the Carbosieve-SII particle pack- 

ing (right). Bottom: Ethylene sensor response 

for three standards and air blank injected onto 

a L = 36 cm spiral column. Output signal of the 

MOX sensor is plotted vs. time for 1 mL, 3 mL 

and 5 mL injected gas samples with an ethy- 

lene concentration of 100 ppm at 55°C. Figure 

reprinted from Ref. 64 with permission. 
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imit of detection reaching 0.3 ng for U(VI) when coupled with ICP-MS

or detection. 

Additional authors have investigated the use of 3D printed materials

or extraction of organic pollutants of environmental interest. Kalsoom

t al. used a fabricated a low – cost, passive sampling device using multi-

aterial fused deposition modelling to extract the environmental pollu-

ant atrazine from simulated natural water samples [68] . To print the in-

egrated porous membrane, the Poro-Lay Lay-felt filament material was

sed while black polylactic acid filament was used to fabricate the sup-

ort components of the passive sampler device. The polylactic acid was

hosen as a printing filament for supporting structures due to its slow

ate of biodegradability and sufficient strength. The Poro-Lay print ma-

erial is very popular for printing porous structures because the material

eatures a rubber-elastomeric polymer interdispersed with poly(vinyl al-

ohol). The PVA can be rinsed / washed away using water, leaving be-

ind empty pores within the polymer. The printed device contained a

0 mm diameter, integrated porous membrane with interlocking sys-

em of bottom and top plates with each containing membranes, which

ould be used without the need for additional O-rings to seal and pre-

ent the loss of microparticulate sorbent. The porous properties of the

urified composite filament was characterized using scanning electron

icroscopy and the average pore size was found to be 30 nm, but many

ores as large as 100 nm existed. The performance of the printed device

as evaluated using gas chromatography-mass spectrometry for appli-

ation to the determination of the herbicide atrazine from water sample.

t was found that the sampler with a 0.5 mm thick membrane exhibited

he best performance, with 87% depletion of atrazine noted. 

At present, investigators have begun to explore the unique geome-

ries and material properties of common 3D print materials for chemical

xtraction. The prospect of creating extraction cartridges in a bottom-
8 
p approach, rapidly and at low cost offers tremendous promise for

he future. However, more research is required in understanding sur-

ace / sorbent properties of existing print materials and in developing

ew and innovative print materials for use in the common printers out-

ined in Section 2 above. Should major advances in the ability to print

orbents be achieved, the additive manufacturing of extractive sorbent

ubes should be widely applied in future years. 

.3. Electrochemical applications 

One large potential area of commercial interest for 3D printing is

ound in printing electronic circuits. However, expanding the print ma-

erials palette to conductive inks is required for fabrication of such de-

ices. Analytical chemistry can benefit from advances in this topical area

ecause the deposition of such conductive materials upon surfaces can

ield electrodes able to support REDOX chemistry, and therefore per-

orm analytical electrochemistry. Additive manufacturing can also be

sed to create convenient modules to perform analytical measurements.

he use of 3D printing in analytical electrochemistry has recently gained

ignificant momentum. 

One early effort that caught the attention of the analytical commu-

ity was the work of Erkal et al. who used a PolyJet type printer to

abricate flow cells that was used with standard electrodes mounted in

onventional fluid fittings [69] . The authors used the devices to detect

 host of analytes including NO, dopamine, ATP, and oxygen in a flow

tream using a Clark-type electrode. This work was seminal in the field

s it demonstrated the analytical flexibility of 3D printed parts and the

bility to analyze legitimate bioanalytical samples using fabricated de-

ices. The authors also reflected on how the STL files used to 3D print

arts could easily be shared between collaborating groups, allowing
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Fig. 5. (A) CAD drawing of the 3D printed solid phase extraction cartridge. The outer holder was printed from ABS while the inner packing was printed from a 

porous cation – binding filament with a flow geometry stacked by parallel interlacing cuboids having a 45° twisting angle for each layer (right). (B) Photographs of 

the printed SPE column with tube fittings and end-on view of the inner packing stacked by the interlacing cuboids (right). (C) Flow system for performing extraction 

/ preconcentration of metal ions. Ions are accumulated on the SPE column prior to elution into the ICP-MS with 0.5 % HNO 3 . Fig. reproduced from Ref. 65 with 

permission of publisher. (D) 3D printed extraction cube for extraction of U 

4 + . Fig. reproduced from Ref. 67 with permission of publisher. 
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Fig. 6. Left – Drawing and photographs of 3D printed electrodes printed in the vertical and horizontal directions. Right – Cyclic voltammograms and peak current 

responses normalized to electrode areas for glassy carbon (GC), vertical printed (VP), horizontal printed rough surface (HPRS) and horizontal printed smooth surface 

(HPSS) electrodes for (top) 1 mM ferrocene carboxylic acid in 0.1 M NaOH and (bottom) 1 mM serotonin hydrochloric acid in tris buffered saline (0.05 M tris and 

0.15 M NaCl), measured at a scan rate of 100 mV/s. Fig. reproduced from Ref. 81 under a Creative Commons CC BY license. 
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ntercomparison measurements to be made. In 2018, Munshi et al. re-

orted printing and using three separate modules for endothelial cell

ulture, sample injection, and chemical detection of NO through elec-

rochemistry [70] . The modular approach was innovative because the

ndividual parts could simply be assembled using threaded fitting ports

o create a fully functional analytical system. The authors were able to

chieve low nanomolar limits of detection for nitrogen monoxide on a

onventional gold electrode and use the integrated system to stimulate

nd measure release of NO from endothelial cells thru treatment with a

olution containing 50 𝜇M ATP. 

Additive manufacturing may soon be able to print functional elec-

rodes for analytical electrochemistry. 3D printed electrochemistry elec-

rodes offer benefits such as comparatively low - cost production, sin-

le step fabrication, increased manufacturing speed, rapid prototyping,

nd control over electrode roughness, geometry, porosity, and size [71] .

LA, FDM, SLM have been commonly used as 3D printers to fabricate

lectrodes, with FDM being perhaps the most commonly used 3D printer

or fabrication of electrodes due to affordability and accessibility [72] . A

ey requirement of print material for electrodes is conductivity. Two of

he most common conductive filaments used in FDM 3D printing are PLA

nd ABS. PLA can be produced on a large scale, is affordable (5 Euros

er Kg) and is environmental friendly since it is biodegradable and con-

ists of (bio)polyester with melting temperature of 230 0 C [73 , 74] . ABS

s produced worldwide, has an extrusion temperature between 200-300°

, and presents good mechanical properties with ease of processing [75–

7] . However, these filament materials are not intrinsically electrically

onductive and must be doped with a conductor to form electrodes and

ires, however, this has been achieved and conductive filaments are

ow commercially available [78] . To obtain specific conductivity and

ffective 3D printability, the percentage of conductive material must

e optimized. To increase the electrical conductivity, conductive car-

onaceous materials such as graphene, carbon nanotubes, and carbon

lack are used to dope the filament materials. Even after these steps are

aken, filament printed electrodes still exhibit very poor electron trans-

er rates and electrochemical performance. However, recent work has

emonstrated that simple post-print electrode washes with solvent can

mprove electrode behavior. Gusmão et al. fabricated graphene/polymer

lectrodes and investigated solvent activation using polar protic sol-

ent (EtOH, MeOH, H 2 O) and polar aprotic solvents (acetone and DMF)

79] . The electrodes activated in the polar aprotic solvents exhibited

 dramatic increase in heterogeneous electron transfer rate using the

e(CN 6 ) 
4 − /3 − REDOX couple. In a follow up study, Browne et al. modi-
10 
ed the solvent wash pre-treatment method by conducting electrochem-

cal activation in phosphate buffer solution (PBS) (pH 7.2) by applying

 constant potential of 1.5, 2.0, or 2.5 V vs Ag/AgCl for different time

eriods (0 − 250 s) in addition to solvent wash in DMF. Addition of the

lectrochemical activation step further improved performance of the 3D

rinted electrode, however, performance still fell far short of traditional

t electrodes [80] . 

Bin Hamzah et al. took a different approach to optimizing 3D printed

lectrode performance. As illustrated in Fig. 6 , these authors studied

he effect of the actual 3D electrode print orientation (vertical layer

y layer vs. horizontal print) and surface roughness on electrochemical

erformance [81] . The electrodes were printed in both vertical and hor-

zontal orientation with ABS/carbon black filaments. Techniques such

s chronoamperometry, cyclic voltammetry, electrochemical impedance

pectroscopy were used to characterize the electrodes. A smooth sur-

ace horizontally printed electrode (HPSS) was fabricated by reducing

he thickness of the first layer to 90% (0.27mm) with respect to the

ain layers (3 mm), this deliberate effort was made to press the ini-

ial layer onto the printing bed. The 3D printed electrodes were used

o study to electrochemical response of serotonin and ferrocene. The

lectrochemical surface studies conducted via cyclic voltammetry and

ouble layer capacitance indicated no difference between HPRS (Hori-

ontally printed rough surface), HPSS (Horizontally printed smooth sur-

ace), VP (vertically printed) electrodes from which author concluded

he electrochemical surface area of printed electrodes are identical and

ariation of electrochemical response observed for serotonin, ferrocene

s not due surface area of electrodes. The charge transfer studies for 3D

rinted electrodes indicated similar response for HPSS, HPRS as com-

ared to VP electrodes, which concluded the VP electrodes were more

avorable for electron transfer. For the REDOX couples tested, the verti-

al printed (VP) electrodes consistently demonstrated enhanced current

esponses when directly compared to the electrode surfaces generated

y horizontal printing. 

3D printing can not only be used to fabricate working electrodes but

an also be used to fabricate reference electrodes. Rohaizad et al . used

raphene/PLA filament to fabricate Ag/AgCl pseudo reference electrode

sing a FDM 3D printer which was characterized by scanning electron

icroscopy and energy dispersive X-ray spectroscopy [82] . The fabrica-

ion process involved electrodeposition of silver on the electrode surface

ollowed by an electrode bleaching process to form AgCl (s) on the sur-

ace of the electrode. The presence of the REDOX pair on the electrode

urface achieves the reference electrode. The authors measured the
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eference electrode potential against a commercial Ag/AgCl reference

lectrodes and found they agree to only within 14 ± 0.3 mV. Yet, the

uthors report the potentials for the fabricated electrodes are stable and

eproducible, thus fulfilling the necessary requirement of a reference

lectrode to maintain a stable potential. The cyclic voltammetry for two

edox system, [Fe(CN) 6 ] 
3 − /4 − and [Ru(NH3) 6 ] 

2 + /3 + was performed to

erify the 3D printed reference electrodes can be used in conventional

lectrochemistry experiments. 

Investigators are just beginning to explore the applications which are

ossible using 3D printed electrodes. One such application is the work

f Katic and coworkers who modified a 3D printed graphene electrode

ith Prussian blue films thru electrodeposition and used the resulting

lectrode for sensing of hydrogen peroxide in real life samples such as

outhwash and milk [83] . The Prussian blue film is believed to exist as

 3D network of alternating Fe(II) and Fe(III) atoms linked by cyanide

ridges that can be either oxidized or reduced at varying potentials.

russian blue exhibits catalytic activity and good selectivity towards

eduction of hydrogen peroxide. The Prussian blue modified electrode

as compared with gold, platinum, and glassy carbon electrodes and

D printed electrodes were characterized using SEM, AFM and spectro-

copic methods. 

Printed electrodes have also been employed to detect phenols and

ubstituted phenols [84] . In this work, the electrode was printed using

elective laser melting technique and to improve the electrochemical

ehavior of the electrode, electroplating of gold on the printed elec-

rode surface was performed with Ag/AgCl as reference electrode and

latinum counter electrode by applying current of 20mA for 90 min.

onventional glassy carbon (GC) electrodes were tested and compared

ith a 3D printed metal electrode for simultaneous and individual de-

ection of p-aminophenol (p-AP) and phenol via differential pulse and

yclic voltammetry. The 3D printed gold-plated electrode produced two

ifferent oxidation peaks for phenol and p-AP at slightly lower anodic

otentials as compared to GC electrode. Interestingly, the 3D printed

lectrode also showed improved analytical performance (higher sensi-

ivity) compared to the GC electrode for p-AP detection. 

Anodic stripping voltammetry has long been a staple of the elec-

roanalytical laboratory. In the work of Walters et al ., 3D printed

raphene/PLA electrodes were fabricated using an FDM 3D printer to

uantify trace amounts of Pb, Hg and Cd [85] . With use of epoxy the

ylindrical electrodes were sealed in pipette tip. Assembling the elec-

rodes was simple and fast and did not require pre-treatment or polish-

ng of graphene/PLA filament. The morphology, composition and pres-

nce of graphene was characterized and studied by scanning electron

icroscopy and Raman spectroscopy. The peaks observed at 1360 (D -

ands), 1588 (G band), 2709 cm 

− 1 (2D band) for Raman spectroscopy

ndicated presence of graphitic carbon materials. The electrodes were

ble to determine Hg concentration down to 1.2 ppb, but did not pro-

uce satisfactory results towards Cd and Pb. To enhance the electro-

hemical performance of the electrodes, electrodeposition of Bi was per-

ormed by applying -0.5V Vs. Ag/AgCl for 180 s while stirring in an

lectrolyte containing 2mM Bi(NO 3 ) 3 and 0.1HCl. To test the capabil-

ty of 3D printed modified and unmodified electrodes anodic stripping

oltammetry was performed. After the deposition, the limit of detection

LOD) for Pb 2 + and Cd 2 + was found to be 4.1 and 2.2 ppb, respectively.

he LOD’s for the modified 3D printed electrodes were well below the

PA limit of 15 ppb and 5 ppb for Pb 2 + and Cd 2 + , respectively. The

esult suggests the bismuth modified, 3D printed electrodes represent a

iable method for analysis of these hazardous metal ions in water. 

Cardoso et al. present an integrated flexible, conductive, dispos-

ble, and biodegradable sampling and analysis device fabricated from

raphene doped polylactic acid using FDM 3D printing for detection and

ampling of explosives [86] . A 2 × 3 cm 3D printed, flexible sampling

ipe was used to swipe residual powder from a surface (metallic, granite

nd glove) upon which 2,4,6-trinitrotoluene had previously been in con-

act with. The flexible sampler was then installed within an electrochem-

cal cell and quantification of miniscule amount of TNT (nanograms) was
11 
erformed by applying the Faraday equation to square-wave voltamet-

ic responses obtained on the G-PLA sensor wipes. For all electrochem-

cal measurements a three - electrode configuration with a 3D printed

ell was used. A lab-made Ag/AgCl/KCl (sat) electrode and platinum

ire was used as micro-reference and auxiliary electrode, respectively.

o demonstrate further capability of the device, determination of lead

nd copper was also performed for gun - shot residue. The flexible 3D

rinted surface wipe offers significant promise for security related appli-

ations. The estimated sample throughput for square wave voltametric

nalysis was calculated as 132 measurements per hour with limit of de-

ection estimated at 0.40 μmol L − 1 . The potential major advantage of

he 3D print approach is the low-cost production of remarkably repro-

ucible devices. The authors of this work report relative standard devi-

tion (intra-electrode precision) values lower than 1% which indicated

igh reproducibility with detector linear range of 1.00 – 870 μmol L − 1 .

he combination of an abrasive swipe sampler that installs within an

nalysis device offers a truly innovative solution to this class of forensic

nalysis. 

Another exciting area of research is the total and complete print-

ng of an integrated and functional analytical device from the ground

p. Achieving this would enable the rapid, low-cost fabrication of ana-

ytical systems for commercial applications. In one such work, an inert

lectrochemical cell and conductive electrodes were build using a low-

ost FDM 3D printer [87] . Working, counter and reference electrodes

ere all additive manufactured using a fused-filament which comprised

f a combination of polylactic acid and carbon black nanoparticles. 3D

rinted electrodes were coated with silver ink and a similar behavior as

onventional Ag/AgCl electrode was observed for the printed pseudo-

eference electrodes. 3D printed working electrodes were electrochem-

cally activated by treatment in NaOH (0.5 mol L − 1 ) solution after a

imple and fast polishing step on sandpaper. An improvement in elec-

rochemical behavior (voltametric and current intensity profile) was

bserved for analytes such as ascorbic acid, ferricyanide/ferrocyanide,

exaammineruthenium(III) chloride, uric acid, and dopamine after the

lectrochemical activation step. The authors compared the analytical

haracteristics of screen-printed electrodes, glassy carbon electrodes,

nd the 3D printed electrodes before and after electrochemical activa-

ion for a model analyte (dopamine). The comparison studies indicated

lectrochemical performance for 3D printed electrode after activation

LOD: 0.1μmol L − 1 ) is similar or better than screen printed and glassy

arbon electrodes for dopamine detection. 

While electroanalysis using 3D printed devices offers tremendous

romise for rapid and seamless production of integrated devices, further

mprovements in the diversity of print materials are required to create

ully functional devices. Improvements in electrode materials must be

ade to improve electrochemical performance. However, electrochem-

stry lends itself well to the premise that functional, integrated devices

an be fully printed from the ground up. 

.4. Microfluidic devices 

A microfluidic device is set of microscale channels designed to han-

le small quantities of reagent. Microfluidic devices have been em-

loyed in examination of biological and chemical processes with high

recision, diagnosis of diseases in point-of care settings, and to culture

ells in controllable environments [88–91] . These devices use signifi-

antly less reagent with low cost of fabrication and high throughput.

oly(dimethylsiloxane) (PDMS) is one of the most commonly used ma-

erial to fabricate microfluidic devices due to its ability to cast devices

rom a liquid that cures at low temperatures, its surface inertness, trans-

arent appearance (which makes it ideal for optical detection), non-

oxic nature, gas permeability, and ability to chemically modify its sur-

ace [92 , 93] . Microfluidic devices can be integrated with fluidic tubing

y using adhesive to seal tubing or punching holes to insert tubing but

oor tubing connections can lead to immediate failure of the device,

usceptibility to leakage, or the creation of dead volumes that degrade
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Fig. 7. (A) 3D printed valve reported by [97] Keating et al. 86 The membrane is printed from a flexible material called TangoPlus, FLX930 which deforms when gas 

pressure is applied, thus sealing the valve. Fig. reproduced under CC license with attribution. (B) Jet mixer design of Wang et al . ( Ref. 99 ) Microjet nozzles face each 

other from opposite sides of the microchannel. Fig. reproduced under the terms and conditions of the Creative Commons Attribution (CCBY) license. 
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evice performance [94] . These devices can also be integrated with elec-

rochemical detectors to enable label free and direct measurements of

lectroactive molecules [95] . Thus, microfluidic devices have some of

he same strategic advantages of 3D printed devices. However, the abil-

ty to precisely and reproducibly fabricate fluid connectors and junc-

ions, and complex micromachined components via a 3D printer offers

otential advantages. 

One such demonstration of the power of 3D printing for microanaly-

is is the work of Rogers et al. who designed and fabricated a 3D printed

icrofluidic device with membrane-based valves using a low-cost com-

ercially available SLA 3D printer [96] . The device was printed in less

han 1 h with cross section as small as 350 𝜇m × 250 𝜇m for horizon-

al channel and 350 𝜇m diameter for vertical channel and printing was

chieved with with 100 % yield. Valves were actuated by application of

as pressure, and tested for several hundred actuations prior to failure.

he authors of the manuscript express confidence that further improve-

ents in reliability can be achieved. Keating et al. achieved a similar

utcome by printing a cost-effective multi-material microfluidic propor-

ional valve in a single step thru material jetting and UV polymerization

97] . The valve produced is illustrated in Fig. 7 . The membrane layer

s printed from TangoPlus material – a rubber-like translucent mate-

ial that can be deformed upon application of gas or fluid pressure. The

arameters such as channel width, membrane stiffness and membrane
12 
hickness were studied and varied for best performance of the device. In

eneral, a membrane thickness of several hundred microns was optimal.

One caveat of microfluidics is the difficulty incurred when mixing

olutions due to laminar flow within microfluidic channels. Enders et

l. have addressed this limitation by printing five different passive mi-

romixers which were fabricated using MultiJet 3D printing [98] . The

uthors were able to print complex channels using a 3D printer which

ffered dramatic improvement in mixing of fluids. Results indicated that

he designs the authors refer to as the Tesla-like and HC mixer achieved

omplete mixing after only 0.78 and 0.99 sec, respectively. These type

f devices are frequently required in microfluidic applications to allow

or pre-column derivatization or dilution of reagents. Wang and cowork-

rs also recognized the need for improved mixers and used an FDM 3D

rinter to fabricate a jet collision micromixer as illustrated in Fig. 7 [99] .

he micromixer is designed to enhance mixing efficiency by fabricat-

ng two geometrically opposed arrays of micronozzles to generate mi-

roplumes within a main channel. The process of mixing was observed

nd characterized using a high-speed camera. Effective mixing in the jet

ixer was achieved within a very short timescale < 3s. 

Printed microfluidics hold significant promise for bioassays. How-

ver, print filament polymers such as PLA and ABS can interfere and

bsorb molecules such as proteins and lipids which can result in re-

uced concentration of analyte with altered detected signal [100] .
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onetheless, C. K Tang and coworkers fabricated a low - cost 3D printed

lastic microfluidic device for automated detection of proteins which in-

luded three reagent reservoirs, an optical chamber to capture antibody

rrays to measure chemiluminescence with CCD camera, and a network

or passive mixing with a programmable syringe for minimum oper-

tor intervention [101] . A clear transparent methacrylate-based resin

FormLab GCPL02) was used to fabricate the fluidic device, but a poly-

ysine coated glass slide was used as the antibody capture surface. It

as necessary to wash uncured resin from within the fluidic device by

insing with isopropanol through the channels using a syringe followed

y submerging the printed device in an isopropanol bath for 15 min on

 shaker. Platelet factor 4 and prostate specific antigen (PSA) were de-

ected using an automated sandwich immunoassay protocol on the 3D

rinted device. The chemiluminescent scheme afforded detection limits

f 0.5 pg mL − 1 for these prostate cancer biomarkers in diluted serum

ith four orders of magnitude dynamic range. This work begins to illus-

rate the commercial potential of 3D printing for bioanalysis, but signif-

cant advancements are still required to achieve bottom-up fabrication

f complete functional devices. 

Anciaux and coworkers designed a cost effective free-flow elec-

rophoresis device using low - cost consumer grade 3D printer with

imensions as small as 640μm wide X 20μm high [102] . In free-flow

lectrophoresis a rectangular flow channel is created and sample is con-

inually infused into the device at one end. An electric field is applied

cross the rectangular channel and analytes continually separate as they

ow from one end of the device to the other. To facilitate bonding of

he enclosed channel and smooth the ABS surface, an acetone vapor bath

as used. The 3D printed device and similar device fabricated in glass

ubstrate were compared for separation of fluorescent dyes. The separa-

ion of myoglobin and cytochrome c was performed to demonstrate use

f 3D printed micro free-flow electrophoresis device. Detection limits of

he 3D printed device and glass substrate for rhodamine 110 were de-

ermined to be 2 and 0.3 nM, respectively. The process of printing took

elatively long; printing time was approx. 14 h to complete to maximize

esolution yet the cost of the 3D printed device was only approx. $0.20.

Another prospective strategy for applying additive manufacturing to

he world of microfluidics is using the precise control and flexibility of a

D printer to create the moulds necessary for casting of microfluidic de-

ices. Zhang et al. have attempted to couple the rapid prototyping and

unctional design offered by 3D printing with the rapid and low-cost pro-

uction of microfluidic devices achievable through injection moulding

103] . The moulding process itself requires a form or mould be produced

o craft the microfluidic devices. To form a micro-structured mould, a

icro-metallic pattern was printed onto a prefinished substrate using se-

ective laser melting. To print the micropatterns a stainless-steel CL 20ES

owder (316L) was used with laser kept at scanning speed of 600 mm/s

ith layer thickness of 25μm. Surface morphology, bonding strength

etween substrate and the printing patterns, dimensions accuracy, mi-

rofeatures for the microstructure were characterized. The characteri-

ation result indicated the new process of fabrication is fast, low-cost,

ore flexible than conventional process but still requires more accu-

acy. Cyclic olefin copolymer (COC) microfluidic chips were fabricated

rom the moulds and used to monitor nitrite concentrations in water

amples via a standard colorimetric method. This approach is different

rom the previous works in that the printer is not used to print the device

tself, but rather the moulds from which functional devices will be cast.

his allows the advantages of 3D printing (rapid prototyping, complex

attern print) to be combined with standard microfluidic materials and

eans of mass production. The strategy offers significant promise in the

uture. 

.5. Spectroscopy 

Spectroscopy is an important analytical tool currently being used

o answer important questions in various fields of science, including

ood quality inspection, biomedical science, atmospheric chemistry, and
13 
olcanology [104–107] . With the wide range of available 3D printers,

n increase in interest can be seen in recent years to design and fabricate

ow - cost parts for spectroscopic instruments. Indeed, most manuscripts

rom the current literature involving spectroscopy report the fabrication

f printed components of a spectrophotometer. Section 3.5 summarizes

ome recent efforts in this domain. 

Recently, Baumgartner et al. presented a ready to use, low-cost 3D

rinted module for attenuated total reflection Fourier transform in-

rared spectroscopy (ATR-FTIR) which was compatible with commer-

ially available FTIR spectrometers [108] . The module was printed us-

ng FDM printer with PLA filament and the cost of the entire setup was

stimated at 150 €, which was claimed to be 50 times less than a compar-

ble commercially available ATR unit. Wikles et al. developed a low-cost

V spectrometer using a low-cost smartphone and 3D printed architec-

ure [109] . The housing of the 3D printed architecture was printed us-

ng selective laser sintering. Grasse and coworkers designed a compact

IY spectrophotometer for accurate absorption measurements, the 3D

rinter was used to house optical components and print the slit used in

he spectrophotometer with width of 1.0 mm and the device dimension

f 44 × 12 × 2.00 mm [110] . Bogucki et al. engineered a dual beam

pectrophotometer with a smartphone which collects the background

nd sample spectrum simultaneously [111] . The geometry was designed

o increase signal-to-noise ratio and to accommodate identical cuvettes

nd slits. The dual beam spectrophotometer was applied a colorimetric

itrate assay, which showed a quantitative relationship between nitrate

oncentration and indicated absorption. Liang et al. fabricated a one step

nd single material flow-through cell for flow injection spectrophotom-

try using colored-transparent PLA filament [112] . The cell was build

sing a FDM 3D printer, and the group studied the chemical stability

nd compatibility. The limit of detection for nitrates using the flow cell

f pathlength 10, 30, and 50 mm was found to be 0.27, 0.087, 0.045

M, respectively. 

Cecil et al. used a dual print head FDM 3D printer to create a photo-

etric detector flow - cell from opaque (black PLA) and optically trans-

arent (transparent PLA) materials [113] . This flow cell is illustrated in

ig. 8 A. Single step printing eliminated the need manual alignment of

ptical and fluidic component by integration of detection window, slit

nd microchannel. Rapid prototyping allowed rapid optimization of dif-

erent parameters such as path length and slit dimension was evaluated

y measuring stray light and signal to noise ratio using the light absorb-

ng dye orange G. The flow cell was designed to minimize the use of

upporting material to increase robustness and repeatability, quick in-

ertion of LED and photodiode in same cell, integrated slits to optimize

ptical performance and to reduce stray light. The simultaneous print-

ng of both transparent and opaque materials allowed rapid assembly of

arious functional parts into a single device. In another work, Michalec

nd coworkers designed and fabricated a 3D printed, flow through, UV-

IS compatible, photometric-fluorometric cuvette insert with two op-

ical path lengths of 2 and 10 mm (see Fig. 8 B) [114] . The low-cost

ubber-part for the flow cuvette insert was fabricated using Ninjaflex

lack midnight black filament with desktop FDM 3D printer made by

lashforge (China). For demonstration, flow injection experiments were

arried out for both fluorometric and photometric (bromothymol blue)

yes. Spectrophotometric measurements were performed at two differ-

nt path lengths of 2 and 10 mm for measurement of bromothymol blue

n the assembled flow cuvette. The repeatability for the photometry and

uorometry experiment was found to be acceptable with relative stan-

ard deviation for all measurement in range of 0.6% and 2.5%, respec-

ively. The cost of fabricating rubber insertion and Eppendorf UVette

as 0.3 EUR and 0.9 EUR, respectively. 

One challenge that has been noted by investigators printing opti-

al cells for spectroscopy is the relatively low transparency of printed

evices (even from materials considered clear). As described by Kaban-

ana et al., the issue appears to originate from many optical interfaces

eveloping at each junction between subsequent printed layers [115] .

his can cause the device transmission to decrease to approx.. 10% or
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Fig. 8. 3D printed devices used for spectroscopy. (A) Design 

of the 3D printed detector flow cell and illustration of its im- 

plementation. (B) 3D printed insert for standard disposable cu- 

vettes to allow flow-thru operation (C) 3D printed water jack- 

eted cuvette to achieve temperature regulation. Fig.s repro- 

duced from [113–116 ], respectively, with permission of the 

publisher. 
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ess. Kabandana et al. solved this problem by printing the device in a

ifferent orientation, thus minimizing the impact of optical surfaces.

hese authors utilized this improved transmission to engineer an inte-

rated flow device to sample, derivatize, and measure indole release

rom biofilms after derivatization with Kovat’s reagent. 

Another innovative design is found in the work of Pisaruka and

oworkers who designed and fabricated a water jacketed 3D printed

uvette which can fit into a regular spectrophotometer ( Fig. 8 c) [116] .
14 
he cuvette allows for temperature control of a sample by perfusing

he cuvette with solvent at a precise temperature. Printing conditions

ere optimized with different printing materials such as polylactic acid

olymers and acrylonitrile butadiene styrene. Freshly prepared PLA cu-

ettes were immersed in chloroform and ABS cuvettes were immersed

n acetone for approx. 8 seconds to fuse defects between printed lay-

rs. After the removal of excess solvent, cuvettes were in placed in the

ume hood for 2 hours to dry. A slurry of ABS in acetone and PLA in
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hloroform was used as a glue to make sample chamber watertight. The

olar extinction coefficient was determined for copper nitrate at 510

m, to be 480 ± 10 m 

2 mol − 1 in water using both the 3D printed cuvette

nd conventional polystyrene cuvettes. The molar extinction coefficient

easurements using the 3D printed cuvettes indicated similar results as

olystyrene cuvettes. Further extinction coefficient comparison of the

D printed and conventional cuvettes were carried out for dsDNA at

60 nm for salmon sperm. Both cuvettes indicated similar extinction

oefficients for this analyte. 

. Conclusion and future directions 

3D printing, sometimes known as additive manufacturing has gained

ttention of analytical chemists due to its simplicity and ability to

apidly produce analytical devices at low cost. Researchers are now

ble to fabricate devices on-the-spot, in single-step, with complex ge-

metries from multiple materials in matter of hours like never before.

asks which once took weeks of planning and machining may now be

ompleted within a single day. 3D printers like FDM are currently be-

ng used by analytical chemists to fabricate microfluidic devices, elec-

rodes, chromatographic columns at low cost with high precision, and

arts associated with lab measurements. Completely new device geome-

ries can be explored, opening up new avenues of scientific research and

pplications. Designs and models of prototypes can be openly shared,

mproved, uploaded, and downloaded amongst researchers due to flex-

bility of open source .stl files. This capability alone is empowering, as

cientists globally can benefit from its open-source nature. The wide

ariety of 3D printers and materials allows researchers to choose an

ptimum balance between cost and print resolution, but the technol-

gy still needs further improvements in spatial resolution and diver-

ity of print material. 3D printers which can provide high resolution on

anoscale such as 2PP are still out of reach from university laboratories

ue to it very high cost and the limited materials palette to make func-

ional devices. While chemists are actively exploring simple schemes to

dapt 3D printed devices to chemical analysis, limited print throughput,

eed of support material, limited materials palette, and need for post-

rocessing for cleaning, or removal of support material are some of the

urrent limitations associated with 3D printing that should be overcome

or continued development in the field. The limitations clearly are not

nsurmountable obstacles to improving 3D print technology, and all in-

ications suggest continued rapid development in the field of additive

anufacturing during the next decade. 
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