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Assembly of materials into microstructures under laser guidance is attracting wide attention. 

The ability to pattern various materials and form 2D and 3D structures with micron/sub-micron 

resolution and less energy and material waste compared with standard top-down methods make 

laser-based printing promising for many applications, e.g. medical devices, sensors, and 

microelectronics. Assembly from liquids provides smaller feature size than powders and has 

advantages over other states of matter in terms of relatively simple setup, easy handling, and 

recycling. However, the simplicity of the setup conceals a variety of underlying mechanisms, 

which cannot be identified simply according to the starting or resulting materials.  

This progress report surveys the various mechanisms according to the source of the material – 

preformed or locally synthesized. Within each category, methods are defined according to the 

driving force of material deposition. The advantages and limitations of each method are 

http://doi.org/10.1002/adfm.202008547


  

2 

 

critically discussed, and the methods are compared, shedding light on future directions and 

developments required to advance this field.  

 

1. Introduction 

Pattern formation is important in many fields, including medicine,[1] robotics,[2] and 

electronics,[3] as well as in production of food products[4] corals and shells.[5] Structures can be 

produced by bottom-up and top-down approaches, and each approach has strengths and 

weaknesses. Bottom-up assembly offers more complex and personalized structures with less 

material and energy waste compared with traditional top-down methods. Widely developed in 

the last decades, bottom-up assembly encompasses various techniques for 2D printing and 3D 

additive manufacturing (AM).  

Among the different scales, the microscale is of extreme importance. Micro-scaled products 

include electronic,[6] optoelectronic,[7] photonic,[8] electromechanical[9] and medical 

devices[10,11] as well as various sensors.[12] Moreover, macro-scaled structures often consist of 

micro-sized features that play a role in the properties of the structure.[5] Personalized macro-

sized products include implants,[13] organs,[14] teeth[15] and drugs.[8] Many methods were 

developed for printing of microstructures, however well-known and widely used methods such 

as fused deposition modelling (FDM) and ink-jet printing[17] are limited in their minimum 

feature size. FDM is also limited to thermoplastic polymers, while ink-jet yields structures with 

poor inter-layer adhesion.[17] In light of these limitations, laser-based printing, an evolving 

discipline which is highly suited for deposition at the microscale, provides an excellent solution. 

Optical manipulation of light with high precision offers outstanding resolution, and rapid 

steering of the laser enables fast printing. Laser-based methods were used to print a large variety 

of materials including metals,[18] oxides,[19] alloys,[20] polymers,[21] and biological cells.[22]  
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Among the different states of matter, liquid precursors have particular advantages. Laser micro-

printing can also be applied to powder, solid and gas precursors. In all cases, the final product 

is in the solid state. Powders used in selective laser sintering (SLS) and melting (SLM)[23] are 

difficult to handle and can be hazardous if inhaled; moreover, the minimum feature size is 

limited to the size of the particle, commonly tens of microns. Solid precursors used in laser-

induced forward transfer (LIFT)[24–26]  produce abundant waste and require a time-consuming 

step for the donor substrate preparation. The products tend to suffer from high porosity, 

excluding cases where single-NP transfer is performed.[27–29] Handling of gaseous precursors 

employed in laser-induced chemical vapor-phase deposition (LCVD) requires complex and 

expensive systems.[25,30] Liquid-based techniques are desirable, as liquids are relatively easy to 

handle, involve simple setups, provide excellent resolution, and can be recycled with a 

minimum waste of material.  

This progress report focuses on laser-based assembly in liquid environments. The basic setup, 

used in most cases, is illustrated in Figure 1. There are a surprising number of underlying 

mechanisms, and the same products can be obtained by similar methods that share principles 

of operation. There are also variants that combine different principles. Differences in underlying 

mechanism, mode of operation, and material characteristics are therefore easy to miss, 

prompting a dedicated review on this topic. Many reviews on laser-based printing focus on 

assembly of preformed materials.[32–37] However, another approach for micro-printing and AM 

—local synthesis of materials at the focal point— is mentioned only in reviews that overview 

a wide range of printing methods.[25,37,38] Recent examples include reviews by Elder et al.[39]  

and Ngo et al.[17] that provide a general exposition. Other reviews sometimes focus on specific 

material families,[40–43] such as Hirt et al.[38] that focus on metal microstructures. Here, we offer 

an overview that presents both approaches in a unified manner—deposition of preformed 

materials and in-situ synthesis. Each category is divided according to the driving force that 
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leads to material deposition. The underlying mechanisms are explained, and methods that 

combine both approaches are put into context. There are similarities in some of the mechanisms 

that underly both approaches, and a zoomed-out synopsis that presents all methods can promote 

better comprehension of the possibilities and further develop these fields. The advantages and 

limitations of each method are critically discussed, and the methods are compared. In addition, 

methods received different names, making it hard to easily categorize them. Furthermore, 

researchers from different disciplines such as chemistry, physics, and material engineering 

focused on different aspects. A methodical comparison as suggested here will benefit these 

different societies. Finally, we shed light on future directions and developments. This progress 

report illuminates the fundamental principles of the various methods and is expected to facilitate 

further advancement. 

1.1. Structure of overview 

As we focus on laser-based printing from liquid, several methods that do not strictly fall into 

this category are not included, e.g. materials that start at a liquid state but are then spin coated 

and baked before applying the laser.[44–47] Only publications that demonstrate fixation of 

material are included, and some relatively old papers where the deposition mechanism is not 

clearly stated were excluded to avoid confusion, as an in-depth study based on current 

knowledge is required to clearly categorize such reports. This emphasizes the motivation and 

the perceived role of the current report. 

The different methods are divided in accord with the two underlying principles stated above: 

assembly of preformed materials and local synthesis. Methods for assembly of preformed 

materials are then divided according to the governing force that affects movement of materials 

towards the focal spot: thermal and optical forces. Methods for local synthesis are divided 

according to the mechanism by which photon absorption leads to material assembly: single-

photon, multi-photon, and thermally driven reactions. The methods, visualized in Figure 2, are:  
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➢ Directed assembly of preformed materials 

• Thermal forces 

o Photo-thermal printing 

o Micro-bubble assisted printing 

• Printing by optical forces 

➢ Directed local synthesis 

• Single-photon reactions 

• Multi-photon reactions  

• Thermally driven reactions 

Sections 2 and 3 succinctly describe each method according to the following aspects: 

• Mechanism: What is the underlying process that governs material assembly and 

ordering? Was there a thermal influence on the resulting structure? What holds 

the materials in place after the laser is turned off?   

• Products: Which materials were formed? What was the minimal feature size? 

Were 3D structures demonstrated? Which applications were demonstrated?  

• Parameters: Which type of laser was used (CW or pulsed)? Which substrates, 

objective lenses, wavelengths and numerical apertures (NAs) were employed? 

What were the typical intensities and printing velocities? 

• Variants: Was this method used in combination with other methods?  

In Table 1 we shortly summarize the underlying mechanism of each method and briefly 

compare between key aspects of state-of-the-art. In the Supporting Information section, a more 

detailed comparison is offered; data from ~80 manuscripts is presented in Table S1. 

Section 4 compares the advantages and disadvantages of the reviewed methods. We focus on 

several main aspects that are important for further development of the methods. Which 
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materials were used? Was this due to fundamental restrictions? Which feature sizes were 

obtained? For which application would this be desirable? Which methods demonstrated 3D 

structures? Which printing speeds were shown? Are these restrictions fundamental? How does 

the deposition method impact the material properties? Finally, we suggest pathways that can 

advance this exciting field, and offer an outlook on future directions. 

2. Directed assembly of preformed materials 

Focused laser illumination can result in assembly of preformed materials at the focal spot due 

to thermal and/or optical forces. Thermal forces arise when laser light is absorbed by dispersed 

particles or by the substrate on which the dispersion is located. The local increase in temperature 

leads to a thermal gradient that can drive the particles towards the surface while overcoming 

Brownian motion.[48] On the other hand, optical forces could also arise at wavelengths that are 

not absorbed by the particles or substrate, leading to refraction or reflection of the laser light by 

the particles. This change in impinging photon direction can lead to movement of particles 

toward areas of maximum laser intensity. Upon arrival to the substrate, whether by thermal or 

optical forces, the particles are attached to the surface by various mechanisms discussed below. 

2.1. Thermal forces 

Photo-thermal heating moves particles by two main mechanisms – thermophoretic motion and 

transportation by convective flow. A combination of both mechanisms was also reported. A 

special case based on thermal forces is the micro-bubble assisted method, which relies on 

convective motion and pinning to the base of a microbubble.          

2.1.1. Photo-thermal printing  

 

Mechanism: Thermophoresis is the phenomenon of particle motion due to a thermal gradient. 

While there are various mechanisms that all fall under the definition of thermophoresis,[49,50] 

the leading mechanism that was reported in the context of particle printing and fixed assembly 
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by laser irradiation was based on opto-thermoelectric effects. Local laser heating of particles or 

the substrate leads to a temperature gradient that promotes separation of ions according to their 

Soret coefficients. This results in a local electric field that supports movement of charged 

particles away or towards the heated area (according to the sign of the charge) as seen in Figure 

3d.  

Another photo-thermal mechanism involves particles that are carried by the bulk motion of the 

liquid. Local laser heating can produce variation in density and pressure as well as in the surface 

tension of the carrying liquid. Elevated temperatures tend to decrease the density, as most 

solvents expand at higher temperatures, resulting in buoyancy driven flow. Thermal expansion 

also produces local convection due to pressure gradients.[51] The local surface tension decreases 

with heat, resulting in Marangoni convection flows (sometimes termed thermo-capillary 

or Bénard–Marangoni convection). Particles in the liquid experience drag forces as described 

by Stoke’s law that move them along liquid streamlines (Figure 3b).   

Directed assembly of preformed materials was demonstrated to proceed by the opto-

thermoelectric mechanism,[52] liquid convection[53] (Figure 3c), and a combination of both 

mechanisms[54–56] (Figure 3a). These methods are known as photo-thermal convection 

lithography,[53] accumulation by thermophoresis and convection,[54] opto-thermophoretic 

printing,[52] and optothermal trapping.[55]  

Many researchers simulated and presented temporary accumulation of material by opto-thermal 

heating,[57–63] however only a few demonstrated permanent assembly on substrates.[52–56] The 

challenge of permanent fixing of dispersed materials can be overcome by solidifying the 

continuous phase (e.g., in a hydrogel)[64], by Van der Waals interactions,[53] or by depletion 

forces when adding appropriate depletants.[52] By careful tuning of the depletion interactions, 

one can also achieve reconfigurable printing (Figure 3e).[52]    
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Products: Photo-thermal printing was demonstrated with Au nanoparticles (NPs), nanorods and 

nanostars,[53] as well as with polystyrene micro/nano particles[52,54,56] and DNA.[55,56] The range 

of demonstrated linewidths was rather large, spanning 300 nm to 100 μm.[52–56] A useful 

application that utilizes this method was enhancement of SERS (surface enhanced Raman 

spectroscopy) signals by printing Au NPs on glass substrates.[53] To the best of our knowledge, 

3D printing of continuous structures has not been realized. Table 2 summarizes the various 

parameters used for photo thermal printing. Both upright and inverted microscopes attached to 

CW lasers were used. As continuous patterns were not demonstrated, printing velocities were 

not directly reported but could be estimated to be ~1 µm/s.[53]  

Variants: Combined thermal-based and optical trapping is discussed below (Section 2.2).[51,65–

67] 

2.1.2. Micro-bubble assisted printing  

Another method with distinct features for directed assembly of preformed materials governed 

by thermal forces is micro-bubble assisted printing. Heating by laser illumination is strong 

enough to promote formation of a microbubble where thermal currents direct materials towards 

the base of the micro-bubble where they are pinned. This method therefore has an inherent 

“built-in” manner of material fixation to the substrate, which makes it appealing for assembly 

of a wide range of materials. It was referred in the literature by many names: bubble 

printing,[32,68] laser induced microbubble technique (LIMBT),[69,70] haptic-interfaced bubble 

printing,[71] bubble pen lithography,[72] laser-induced micronanobubble,[73] continuous-wave 

laser-induced vapor bubble,[74] optothermally generated surface bubble,[75,76] thermo-optically 

manipulated laser induced microbubbles,[77,78] and optothermal-surface bubble-assisted 

printing.[79] 
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Mechanism: The thermal heating arises from a CW laser beam that is absorbed by the preformed 

dispersed particles or a light absorbing substrate. The vapor pressure of the liquid increases 

until it is high enough to support the formation of a vapor micro-bubble[76] (Figure 4a). When 

the laser is focused in the vicinity of the liquid/substrate interface, the formed microbubble has 

a temperature gradient between the part that is closer to the substrate (hotter) and the part that 

is further from the substrate (colder, simulated in Figure 4b).[72,73] This gradient implies density 

and surface tension gradients that lead to natural and Marangoni convection currents, 

respectively (Figure 4c). The particles are carried by these convection flows (as well as by 

capillary forces), and some are pinned at the gas/liquid/solid interface (Figure 4d).[73] The 

typical “fingerprint” of such pinning is the presence of a spherical deposition around the 

bubble/substrate contact area[69,73]  (as illustrated and demonstrated in Figure 4a and 4e). 

Various theoretical and computational studies of this method were carried out.[72,75,80–82] In 

certain cases where laser light is absorbed by preformed particles but not by the substrate, Zhang 

et al.[80] showed that the part of the microbubble further away from the substrate is hotter than 

the part closer to the substrate (Figure 4f). While the direction of the convection flows changes 

in these cases, they still carry particles to the base of the microbubble where the particles are 

pinned.  

By moving the sample or focused laser relative to each other, the micro-bubble can propagate 

to a new position due to thermal evaporation-induced depinning of the bubble/liquid/substrate 

interface[74,80] and thermo-capillary flow.[83] Preformed particles are then deposited at the new 

location of the bubble (Figure 4g). A micro-printed structure can be formed by repeating this 

process. In many cases, excluding Roy et al.[77] and Edri et al.[70] (Figure 4h), a non-continuous 

deposition is formed. However, it was shown[69,79,84] that modulations of the laser enable 

formation of continuous patterns (Figure 4i). This is achieved by gaining better control over 

the size of the microbubble and preventing it from being pinned to the deposited material while 
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moving. Addition of surfactants was shown to increase deposition at the bubble/liquid/surface 

interface.[85] A detailed review surveying applications of optothermally generated microbubbles 

was presented by Xie and Zhao.[76]  

Products: Micro-bubble assisted printing was used for depositing various material families. 

Specific examples include Ag NPs,[69] Cu NPs,[69] Pd/Ni NPs,[84] quantum dots (QDs),[68,71–73] 

polystyrene,[72,74] polyaniline (PANI),[70] soft oxometalate nanotubes (SOMs),[77] glycine,[77] 

paracetamol,[77] CNTs,[77] and Si-Au core-shell NPs.[79] The minimal deposited feature size is 

affected mainly by the size of the microbubble, as the deposition occurs at its contact area with 

the substrate. The attained feature sizes ranged from ~510 nm[71] up to 50 µm.[68–73,77,84] Using 

this method, hydrogen sensors were formed,[84,86] as well as barcodes[68] (Figure 4j) and 

improved SERS fiber probes.[79] While to the best of our knowledge arbitrary 3D printing was 

not demonstrated, three dimensional hollow spherical structures can be fabricated by allowing 

particles to cover the formed microbubble (Figure 4k).[72] Table 3 summarizes the various 

parameters used for micro-bubble assisted printing. Both upright and inverted microscopes 

attached to CW lasers were used. In many cases the substrate was coated with a light absorbing 

layer.   

Variants: Several studies showed material deposition where the suggested mechanism was 

microbubble-assisted printing in combination with other mechanisms discussed below. These 

studies are presented at the end of Sections 3.2 and 3.3.  

2.2. Optical forces 

Several names were given to methods that use optical forces to form microstructures including 

direct optical printing,[32] holographic assembly,[87] optical force stamping,[88] optical 

printing,[65,89] laser direct guidance,[22,35,90] and laser guided direct writing.[36,91]  
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Mechanism: The most well-known method that utilizes optical forces to spatially manipulate 

particles in liquid[92–97] is optical tweezers (OTs).[98,99] When a particle is larger than the laser 

wavelength (Mie regime, particle size >> λ), a force generated due to conservation of 

momentum arises from the changes in the photons’ momentum through reflection, refraction 

or absorption. If the object has a higher refractive index than the surrounding medium, the 

overall applied force will pull/push it towards the highest intensity gradient.[100] When an object 

is smaller than the wavelength (Rayleigh approximation, particle size << λ) an electrostatic 

force arises from the difference in polarizability between these nano-particles and the 

surrounding medium. When nano-particles have a higher polarizability than the surrounding 

medium, they develop an electric dipole moment due to the light's electric field and advance 

along the intensity gradients of the field toward the focal point.[100,101] It is sometimes 

convenient to refer separately to the axial component (parallel to the beam direction) and the 

radial component[88,102,103] (perpendicular to the beam direction, also called gradient force) as 

illustrated in Figure 5a.  

Micro printing can be achieved by trapping materials with OTs and then depositing them at 

specific desired locations on a substrate (Figure 5b),[22,88,89,91,102–106] by moving the trap towards 

the substrate or vice versa. However, micro printing using optical forces can be achieved even 

without optically trapping particles. For highly scattering particles, the axial component can be 

used in order to push materials towards the substrate.[65,66,90,107,107–109] In both cases, the particles 

trapped or pushed toward the substrate can bind to it by Van der Waals interactions.[65,88,102,110] 

Other methods that set the particles permanently on the substrate include local thermal 

heating,[111–114] gelation,[87,91,115] electrophoretic deposition[116–118] and UV triggering.[119] 

Simulations and calculations of the optical forces[65,66,102,103] that affect the particles were 

presented. Several reviews regarding general approaches for optical manipulation are 
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available,[31,33,50,120–122] while Juan et al.[123] focus on metallic particles and Koo et al. focus on 

manipulation of cells.[124]  

Products: Materials that were assembled by optical forces include Au NPs,[66,88,102] nanodots[114] 

bipyramidal NPs[107] and nanorods (NRs),[103] bovine serum albumin−AuNRs (BSA-

AuNRs),[108] Au-Au and Ag-Au NP dimers,[66] dimers of Au nanodisks and NPs,[65] Ag 

NPs,[66,88,89,113] Au@DNA-origami,[104] CdTe QDs,[125] silicon NPs,[109] polystyrene 

microspheres,[22] and living cells.[22,90,91,105,115] Various 2D patterns were demonstrated (see 

examples in Figure 5c and 5d). Possibly useful applications demonstrated by this method are 

a microheater and a catalytic microreactor[113] as well as enhancement of SERS signals.[108] 3D 

structures were produced by trapping Au nanoparticles and fixing them by electrophoretic 

deposition (Figure 5e).[116,117] 3D printing of continuous structures without fixation by 

electrophoresis was not demonstrated, however 3D polymeric quasicrystals[87] and cells,[91,115] 

both stabilized by a hydrogel, were obtained.  

Most studies were conducted using inverted microscopes (more commonly used for optical 

trapping in general) with a few exceptions that used upright microscopes.[65,66] The attached 

light sources were mainly CW lasers, although there are studies that used pulsed lasers.[112–

114,125] Pulsed lasers were suggested to decrease thermal effects due to relatively long thermal 

relaxation times between the pulses,[113] however direct evidence is still required.  

Several considerations should be taken into account when choosing the proper wavelength for 

optical manipulation. For dielectric materials, a wavelength that is not absorbed by the particles 

is usually chosen to minimize thermal effects and thermal damage. This is especially true for 

sensitive materials such as living cells where ~800 nm is used[90,91] in order to maintain cell 

viability (Figure 5f). Trapping of metallic NPs can occur either close to or far from plasmonic 

resonance.[121] While most researchers used objective lenses with high magnification (100–60×) 
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and NA as expected for optical trapping,[126] some used magnifications of 40–10× with 

relatively low NA (0.75–0.1)[91] in order to achieve longer working distance. These low NAs 

were mainly used to manipulate cells.  

Placement of particles in close proximity to each other is challenging, as scattering from the 

incident light leads to repulsion.[32,34,65] In some cases, the repulsion arises from local heating 

due to light absorption of the printed NPs,[65] in particular when using metallic NPs with 

wavelengths close to the plasmonic resonance.[34] The minimum distance between NPs can be 

reduced by optimizing heat dissipation using substrates with high thermal conductivity (such 

as reduced graphene oxide).[65] The minimal distance between two assembled particles was 

reported by Gargiulo et al. – between 60 nm[66] and 150 nm.[65] One post-processing solution is 

to print the NPs on a glass substrate and then transfer them to a polymer substrate that shrinks 

under thermal change.[106] To avoid spontaneous unwanted deposition of material and improve 

printing control, in some cases the particles and substrates were functionalized with negative 

charges.[65,88,89,102,104,109]    

The fixing speed of separate inorganic particles is in the order of 5 seconds per particle,[101] 

while fixing of cells takes considerably longer—10–120 seconds per cell.[22,90] Spatial light 

modulators (SLMs) can be used to produce an array of beams, decreasing the printing time 

(Figure 5g).[88,89] Table 4 summarizes the various parameters used for printing by optical 

forces.  

Variants: Several studies[51,65–67,103,104] suggest that in addition to optical trapping, thermal 

forces also contribute to the deposition process, possibly by increasing material availability due 

to convective flows (Figure 5h and 5i). This is especially prominent at wavelengths close to 

the plasmonic resonance of metallic NPs.[34] Simulations and calculations of the temperature 

surrounding the particles were presented.[65,66,106] 
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3. Directed local synthesis 

In addition to assembling of preformed particles and cells from a liquid environment on 

substrates (Section 2), lasers can also be used to perform localized synthesis from liquid or 

dissolved precursors. The latter approach has several advantages. Precursors usually offer 

improved stability over time and do not require extra material preparation steps or addition of 

stabilizers that could negatively impact desired material properties. Moreover, this approach 

could allow easier formation of complex systems including alloys that are hard to realize using 

preformed materials as building blocks. Local synthesis can be divided according to the 

mechanism by which photon absorption leads to material assembly: single-photon, multi-

photon, and thermally driven reactions. Note that in certain cases the same products can be 

produced by more than one mechanism, depending on the wavelength and intensity of the laser.  

3.1. Single-photon reactions 

Single-photon reactions occur when only one photon is required to excite an electron to a higher 

energy state, thereby promoting a chemical reaction. This mechanism is mainly manifested in 

photo-polymerization reactions where laser irradiation locally polymerizes liquid or dissolved 

monomers. Several methods such as micro-stereolithography (µSLA),[127,128] evanescent wave 

photo-polymerization,[129] and interference lithography[130] rely on this mechanism. Note, that 

there are many somewhat similar methods that do not use lasers (strong light sources combined 

with means for spatial selectivity are used[127]) and are therefore not included.   

Mechanism: For liquid polymeric precursors, single photon reactions arise from illumination 

by lasers (primarily UV lasers[127,132]) where each photon has enough energy to excite an 

electron from a ground state to a higher energetic state (Figure 6a). The liquid resin consists of 

molecules with various functions: photo-sensitizers, photo-initiators, and building blocks 

(monomers and cross linkers). Photo-sensitizers absorb laser light and transfer the energy to the 

photo-initiators, thereby forming reactive species (such as radicals or cations) that initiate the 
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polymerization process.[41,133] These various functions can be divided into different types of 

molecules; alternatively, different parts of the same molecule can perform the various functions.  

In µSLA, the laser is steered on a thin liquid resin layer, forming the desired 2D polymeric 

micro-structure. If another thin liquid resin layer is added, and the laser scanning is repeated, a 

3D polymeric microstructure is formed (Figure 6b). The layer-by-layer approach for 3D 

printing is required due to the limited penetration depth[25,40,127] and the poor selectivity in the 

z-direction (perpendicular to the substrate). There are many commercially available systems 

utilizing this technology for various applications. When sub-micron resolution is required in 

the z-direction, photo-polymerization by evanescent waves (PEW) may be used.[132,134] In this 

method, the liquid resin is covered by a high refractive index material, and the laser is steered 

at or above the critical angle, thus the evanescent wave can locally polymerize a thin layer of 

resin (as illustrated and demonstrated in Figure 6c). The polarization, exposure energy, and 

incident angle can be used to tailor the penetration depth.[129,132,134,135]   

Interference lithography can also be used to provide large area patterning with sub-micron 

resolution. A UV laser, while passing through a phase mask or by recombining multiple laser 

beams, forms an interference pattern that locally polymerizes the resin in a 3D structure (Figure 

6d and 6e).[130] Most interference lithography studies were conducted on a semi-solid resin and 

are therefore irrelevant for this progress report, however, it was shown that microfluidic devices 

can be used with liquid resins to produce 3D structures.[136] 

Products: As stated above, the liquid resin for photo-polymerization reactions consists of 

molecules with various functions: photo-sensitizers, photo-initiators and building blocks 

(monomers and cross linkers). Various monomers were used including methacrylic acid,[128,129] 

tert-butyl acrylate[137] and 4-vinylpyridine.[129] Several combinations were also demonstrated 

such as organically modified ceramics (hybrid polymers incorporated with ceramics),[127] a 
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siloxane–methacrylate formation by combining (methacryloxypropyl)methylsiloxane with a 

commercial methacrylate-based resin[138] and a cellulose nanocrystal (CNC) dispersion mixed 

with poly(ethylene glycol) (PEG) diacrylate, forming a nanocomposite PEGDA−CNC 

hydrogel.[139] Several acrylate based cross linkers were used such as trimethylolpropane 

trimethylacrylate,[128] diethylene glycol diacrylate (DEGDA)[137] and ethylene glycol 

dimethacrylate (EGDMA).[129] 

Photo sensitizers and photo initiators include 2,2’-dihydroxy-4,4’-dimethoxy–

benzophenone,[127] the commercially available ADM3 dye,[127] phenylbis (2,4,6-trimethyl-

benzoyl) phosphine oxide (BAPO),[137] bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide 

(Irgacure819),[127,129] lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),[139] benzoin 

ethyl ether[128] and commercially available HNu-400IL.[138] Many studies used commercial 

resins that contain a mixture of the required functions. These resins often comprise acrylate-

based monomers due to their reactivity (such as KC1162[134]) with epoxy-based monomers that 

provide low shrinkage, which is crucial for the accuracy of the product.[127] The laser 

wavelength and quantum efficiency determine which photo initiators and photo sensitizers to 

use.[128] The thickness of each layer should be comparable with the absorption length, and this 

is a major consideration for determining the concentration of photo-sensitizers and photo-

initiators.[140] As for the porosity of the desired polymeric product, this is mainly affected by 

the polymerization rate.[129] The solvent can affect shrinkage during polymerization, which 

should be minimized for most applications.[127] For further information regarding material 

choice for these applications, the reader is referred to a recent review by Bagheri et al.[133]  

For the x and y directions, µSLA showed minimum feature sizes as small as 5 µm[127] while 

PEW achieved only 60 µm.[129,134] However, PEW demonstrated a clear advantage in the z-

direction with layers as thin as 45 nm[129] in contrast to 10–100 µm[127,134,141] achieved by µSLA. 

For PEW and interference lithography where the laser is not moved with respect to the substrate, 
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the minimal exposure times were 5 s[134] and 300 ms.[135] Table 5 summarizes the various 

parameters used for micro-printing by single photon reactions.  

Many researchers demonstrated 3D structures printed by single photon reactions (some 

examples are provided in Figure 6f).[25,40,127,128,132,139] Some exciting examples are the 

formation of a polymeric human ear that can be realized for tissue engineering[139] and a 

truncated icosahedron produced from a shape memory polymer (Figure 6g and 6h).[137]  

3.2. Multi-photon reactions 

Multi-photon reactions are non-linear processes that occur when at least two photons are 

required to excite an electron to a higher energy state, thereby promoting a chemical reaction. 

The probability for such processes to happen is rather rare, as two (or more) photons must be 

absorbed almost simultaneously to initiate the process. Therefore, high energy pulsed lasers are 

used for these reactions.[41,43] The two/multi photon absorption mechanism was mainly 

manifested for photo-polymerization[140,142–144] and photo reduction of metal ions.[145–151]  

Mechanism: For liquid precursors, multi-photon reactions arise from illumination by pulsed 

lasers where only a combination of two or more photons has enough energy to excite an electron 

from the ground state to a higher energetic state (Figure 7a, as opposed to single photon 

reactions where only one photon is required as described in Section 3.1). The liquid is usually 

transparent to the laser’s wavelength; thus, 3D structures can be formed without the need of 

adding thin liquid resin layers (as required in µSLA). By moving the substrate relative to the 

focal point, 2D and 3D structures can be produced inside the bulk of the liquid resin and not 

necessarily on the liquid surface (Figure 7b).[152,153] In addition, as this is a non-linear process 

with a threshold effect, the energy of the laser can be tuned in a way that produces sub-

diffraction-limit features (Figure 7c).[25,43,142,154] There are two main processes that utilize this 

mechanism: two/multi photo polymerization (TPP/MPP) and two/multi photo reduction 
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(TPR/MPR). For simplicity and clarity, we will refer only to MPP and MPR, as TPP and TPR 

are their subcategories, respectively. We note that in some papers MPP was referred to as a 

µSLA method,[155] but for clarity we will not use this terminology and refer to µSLA methods 

only for single photon reaction methods.     

MPP requires the same chemical components used for single photo polymerization as described 

in Section 3.1: photo-sensitizers, photo-initiators and building blocks. These materials should 

obviously be transparent to the applied wavelength while the photo-sensitizers should have a 

high absorption cross-section at half the wavelength (for TPP). For MPR reactions, photo-

reducing agents and metal ions (electron acceptors) are required.[156] It was suggested that the 

reduction process forms metal NPs by nucleation and growth at the focal spot, followed by 

aggregation that leads to metallic structures.[146,151,157] Addition of surfactants,[145,151,157] amino 

acids,[146] or ionic liquids[147] to the precursor solution constrains the growth of the fabricated 

NPs and can decrease the feature size and roughness of the formed structure.[145,147,157] The NPs 

can be thermally annealed/melted by the laser at the interface with the substrate.[149]  

We note that intense irradiation can lead to heating of the liquid that (above a certain threshold) 

can form a micro-bubble.[43] Some researchers observed that these microbubbles interfere with 

the deposition process,[158,159] while others found no noticeable impact.[145] Local heating and 

bubble formation can be reduced by lowering the power[43,151] or repetition rate[159] of the laser, 

as well as by choosing a solvent with a large heat capacity and low viscosity.[158] However, 

these microbubbles can also assist in material deposition (see variants below).  

Products: As stated above, the liquid resin for MPP reactions consists of molecules with various 

functions: photo-sensitizers, photo-initiators and building blocks (monomers and cross linkers). 

Various monomers were used: ethoxylated trimethylolpropane triacrylate,[140] tris(2-
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hydroxyethyl)isocyanurate triacrylate,[140] acrylate-functionalized poly(ethylene glycol) 

derivative (PEG-triacrylate),[159] and BSA.[144] 

Photo sensitizers and  photoinitiators include flavin adenine dinucleotide,[160] methylene 

blue,[144,160] isopropyl-thioxanthone,[161] (ƞ5-cyclopentadienyl)trialkylplatinum,[161] 4,4'-bis(di-

n-butylamino)biphenyl chromophore,[143] E,E-1,4-bis[4-(di-n-butylamino) styryl]-2,5-

dimethoxybenzene,[143] 2-benzyl-2-(dimethylamino)-1-[4-(4-morpholinyl)phenyl]-1-butanone 

(Irgacure 369),[153] phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure-819)[162] and 

ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (lucirin TPO-L).[140] Some studies used 

acrylate-based commercial photosensitive resins such as triacrylate monomer resins 

SR9008[143] and SR368,[143] AKRE37 consisting of tris(2-hydroxy ethyl)isocyanurate 

triacrylate and 4,4’-bis(di-methylamino)benzophenone,[163] hybrid organic–inorganic 

SZ2080[163] and poly(ethylene glycol)diacrylate (PEGDA).[162] Others employed SCR500, 

which consists of urethane acrylate monomers and oligomers with photoinitiators.[142,164] In 

addition, polydimethylsiloxane (PDMS) based resins[161] and multifunctional inorganic–

organic hybrid polymers (such as ORMOCER) were also used.[153] 

The precursor solution for MPR consists of photo-reducing agents and metal ions. The 

prominent materials synthesized with this method were Au,[145,147,157–159] Ag,[146,148,150–152,157,158] 

and Pt and Pd.[149] Photo reducing agents include ethylene glycol,[145] [Fe(C2O4)3]3
− ion,[149] 

trisodium citrate,[152] 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one 

(Irgacure 2959),[158] and the commercially available coumarin 440 dye.[148,157] Surfactants 

include poly(vinylpyrrolidone) (PVP)[145] and n-decanoylsarcosine sodium (NDSS).[151,157]  

As explained above, the achieved feature size could be smaller than the diffraction limit for 

both MPP and MPR.[30,37,41,43] The attained minimum feature sizes were between 65 nm and 

5 µm.[140,142–153,157–159,161,163,164] Structures fabricated by this method were operated as 
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recyclable SERS channels for gas detection[145] and were also used as microheaters.[152] Multi-

photon reactions are promising methods for 3D printing of both polymers[37,38,43,148,151,158] 

(Figure 7d and 7e) and metals[37,140,142–144,153,161–165] (Figure 7f and 7g) by MPP and MPR, 

respectively. While single photon reactions occur at the liquid's surface and therefore require 

layer by layer printing, the focal point of the laser could be freely moved in three dimensions 

for multi-photon reactions thus forming 3D microstructures. Commercial units for high 

resolution polymeric 3D printing by MPP are available (by companies such as Nanoscribe and 

Microlight3D) and were used for various applications. 3D luminescent structures produced by 

incorporating a liquid polymeric resin with luminescent micro particles[162] and formation of 

photonic crystals[143,153] were also demonstrated (Figure 7h). PDMS-based micro-capillaries 

were fabricated for microfluidic purposes.[161] Furthermore, printing on nonplanar substrates 

and on top of prefabricated micro-patterns was also demonstrated (Figure 7i).[152] For 

applications in fields related to biology, biocompatibility of several polymeric fabricated micro-

structures was shown by growing stem cells on them.[163]  

Table 6 summarizes the parameters used for printing by multi photon reactions. The most 

common laser powers utilized were 0.2–500 mW. However, the peak power of these pulsed 

lasers plays a major role in material deposition. Haske et al. applied considerably lower laser 

power than reported above (0.7–0.9 μW[143]) by using a significantly higher peak power. 

Variants: Blasco et al.[159]  showed simultaneous MPP and MPR of a liquid resin with Au ions 

using a pulsed laser. The resulting micro-structures comprise of Au particles incorporated in a 

polymeric matrix. The advantage of metal formation in situ (as opposed to adding preformed 

NPs to the polymeric precursor) is that the particles do not diffuse or aggregate during the 

process.  
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Another combination is based on MPR with microbubble-assisted printing (described in Section 

2.1.2).[150] A mixture of an Ag ion solution with preformed TiO2 NPs is illuminated with a laser 

beam producing an Ag pattern (by MPR) covered with TiO2 (by micro bubble assisted printing) 

in a core-shell structure (Figure 7j). The advantage here is the ability to deposit a non-photo 

sensitive material (TiO2 NPs) that cannot be performed solely by photo reduction. 

3.3. Thermally driven reactions 

When laser illumination provides heat above a certain threshold, thermally driven reactions that 

promote material deposition in 2D and 3D can occur.[156] These methods were referred to as 

laser-induced hydrothermal growth,[166] laser-assisted hydrothermal method,[167] laser-induced 

direct selective growth,[42] photothermal chemical liquid growth,[168] optothermal-effect-based 

mechanism,[169] laser-induced solvothermal voxels,[170,171] direct-write lithography,[172] laser-

induced direct lithography,[173] and in situ laser patterning technique.[174]  

Mechanism: Thermally driven reactions occur when absorption of laser light generates heat 

increasing the probability of overcoming the reaction activation barrier, thus promoting electron 

transfer (Figure 8a). It was suggested that these reactions are initiated by minute amounts of 

precursor precipitates that adsorb to the substrate where they absorb laser radiation that starts 

the deposition process by thermal decomposition.[172] Note that this is the only mechanism that 

allows direct local synthesis even if the precursor solution is transparent to the applied laser 

wavelength due to absorption by the substrate.[166,168]  

Mostly, the precursor solution consists of metal ions (some other examples are discussed below) 

that can have a larger activation energy than the energy of the illuminating photons. The 

resulting structures are metals or oxidized metals. In some cases, the reaction rate is higher than 

expected considering only the local rise in temperature. This is explained by convection flows 

due to the temperature gradient between the laser spot and the surrounding medium (as 
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simulated for various substrates[166,169]) that maintains a constant supply of precursors to the 

reaction area.[42,167] 

As thermally driven reactions obviously generate heat, the solution around the focal spot could 

in some cases reach the liquid’s boiling point and form a micro-bubble. These microbubbles 

were in some cases shown to disrupt the fabrication of the products and can be 

avoided[167,168,170,171] by reducing laser power or substrate absorbance.[166] Other methods for 

avoiding micro-bubbles are by performing pre-treatments such as plasma etching of the surface 

to increase surface wettability[171] (for polar solvents), or choosing a solvent with a high boiling 

point.[174] In some cases bubble formation was noted, but did not seem to interfere with the 

deposition process.[172] A variant that utilizes these micro-bubbles is discussed below. 

Products: The prominent materials synthesized with this mechanism were metals and metal 

oxides. Oxides include ZnO,[166–170,175] TiO2,
[166,170] various iron oxides,[168,170,171] oxidized 

Cu,[170–172,174] VO2,
[170,171] Cr2O3,

[170,171] Mn2O3,
[170,171] Co3O4,

[170,171] oxidized Ni,[171] 

Al2O3,
[170] ZrO2,

[170], MoO2,
[170,171] Mo4O11,

[170] (NH4)2Mo4O13,
[170], WO3,

[170] Ag@ZnO.[169] 

Deposition of metals by this method was shown for: Ag,[169,170,172] Au,[170,172] Ru,[170,171] 

Rh,[170,171] Pt,[170,171] Ir,[170,171] Pd,[170,171] Re,[170] and mixtures of Ni/Co[170] and Fe/Cu.[170] Other 

demonstrations utilizing a mixture of precursors include formation of the molecular compound 

MoS2
[172] as well as AgBr[172] and Ag-PVP.[172] Thermally driven reactions were also shown to 

decompose organic materials resulting in the formation of patterns consisting of carbon[173] and 

Cu@C.[174] While most of the studies above focused on formation of micro-patterns (Figure 

8b), some showed that without moving the stage during laser illumination and maintaining low 

reaction rates, discrete nanowires of ZnO and TiO2
[166,167,169,175] can be formed (Figure 8c). 

Crystalline seeds (such as ZnO) can be pre-deposited in order to allow faster initiation of the 

deposition process of nanowires.[167,175] Substrates can be covered with various metals in order 

to increase light absorption leading to a temperature increase and faster reaction rates. Glass 
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substrates were at times modified with silicates or acrylates in order to improve adhesion with 

the deposited materials. Table 7 summarizes the parameters used for printing by thermally 

driven reactions.   

The minimum diameters of the microstructures (where circular deposition was obtained) and 

linewidths of the patterned structures were ~ 0.7–500 µm.[166–175] A useful application that was 

demonstrated utilizing this method was enhancement of SERS signals.[169] In addition, 

fabrication of simple 3D structures was shown by thermal growth of iron oxide (Figure 8c),[168] 

as well as fabrication of multiple layers of various materials sometimes considered as 2.5D 

printing (Figure 8d).[170] However, as far as we are aware, arbitrary 3D printing has not been 

demonstrated.  

Variants: We noted above that formation of micro-bubbles was in some cases shown to disrupt 

material deposition for thermally driven reactions. However, recent studies demonstrated that 

microbubbles could play a major role in the deposition mechanism.[176–180] The temperature 

gradient around the bubble leads to natural and Marangoni convection currents (see Section 

2.1.2).  It was suggested that these currents in combination with capillary flow and evaporation 

of the liquid around the microbubble lead to an increase in ion concentration,[178,179] and even 

to supersaturation (Figure 8e).[180] The high ion concentration and elevated temperatures leads 

to material deposition around the three-phase contact (TPC) interface (liquid/gas/solid) via 

nucleation and growth. Greenberg et. al.[177] provided experimental evidence that NPs formed 

in the liquid phase are carried and deposited at the TPC interface together with materials locally 

synthesized at the same area (Figure 8f). This was based on the observation that the deposited 

materials were a combination of crystalline and amorphous structures, while NPs formed in the 

liquid phase were only crystalline. Ring-shaped depositions were obtained, which are 

characteristic of deposition around a micro-bubble (Figure 8g).[176–178] Better control over the 

size of the bubble, as well as preventing it from being pinned to the deposited material, can be 
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achieved by laser modulation.[176,177] This is beneficial to formation of continuous micro-

patterns (Figure 8h and 8i).  

The combination of thermally driven reactions with micro-bubble assisted printing achieved 

simultaneous synthesis and printing of many materials such as SOMs,[178] ZnO,[179] Fe2O3,
[177] 

oxidized Cu,[177] Ag,[177] Pt,[177] and RhAu nanoalloys.[180] More complex structures formed 

include the metal organic framework (MOF) FeBTC,[176] and combinations of SOM with PANI 

and polypyrrole.[178] The minimal linewidths were ~0.5–8 µm.[176–180]  

The objective lenses used were 40×,[176,177] 50×,[176] and 100×[178–180] with NAs of 0.6[176,177] 

and 1.3.[178,179] Laser wavelengths of 532 nm[176,177,180] and 1064 nm[178,179] were commonly 

used with powers between 0.6 and 50 mW.[176–180] The demonstrated stage velocities were 

1–40 μm/s.[176,177,179,180] Most studies assembled materials on glass substrates.[176–178,180] In 

some cases, to increase the absorption of the laser, the substrate was coated with an 

absorbing material such as Au[180] and ITO.[179] As the continuous phase, water,[179,180] 

DB[177] and N,N dimethylformamide (DMF)[176] were used. 

 

4. Discussion 

In Sections 2 and 3 we presented the various mechanisms that govern material assembly by 

laser from the liquid phase. The primary division was based on the source of the materials: 

preformed or locally synthesized. Each category was then divided according to the driving force 

that leads to material deposition. We now critically compare between some of the characteristics 

of the various methods that are important for further development.  

At first glance, these methods appear to be similar. They all consist of a similar optical setup 

(illustrated in Figure 1) – a laser, a focusing system, and means to steer the beam (or move the 

stage). The laser is applied on material in the liquid state and results in 2D and 3D solid 
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microstructures. Furthermore, the same products can be attained using various methods. For 

example, gold deposition was demonstrated utilizing optical forces,[66,88,102] photo thermal 

printing,[53] multi photon reactions[145,147,157–159] and thermally driven reactions[170,172] (see 

Table S1). Some of the operation principles of these methods are also similar. Feature size can 

be reduced by decreasing the light intensity for all methods. This could be achieved by reducing 

laser power or increasing printing speed. In addition, for most methods (except for single photon 

reactions) using lower material concentration will also lead to decreasing feature size. For these 

reasons, it is easy to miss the differences in underlying mechanism, details regarding the mode 

of operation and material characteristics.  

The underlying mechanisms were discussed separately for each method (and shortly 

summarized in Table 1). Here we compare certain aspects in terms of operation and product 

outcome that play a major role in adopting these methods for various needs. It seems that a 

“perfect” method does not currently exist. In Figure 9a we present a visual comparison between 

various aspects of the different methods. Detailed information could be found in Table S1 in 

the supporting information section.  Note that even methods that are inferior in certain aspects 

may be the only available option for specific applications. For example, printing by optical 

forces is inferior to other methods in terms of speed. However, it is the only method that allows 

placing individual particles at small distances between each other (60 nm[66]) and manipulation 

of living cells.[22,90,91,105] Printing based on single-photon reactions has the highest speed,[127,137] 

however it is limited to the formation of polymers.  

Materials: A method that enables microfabrication of various materials could be highly 

advantageous as flexibility in the choice of material could allow better compatibility for diverse 

applications. While some methods demonstrated deposition by various materials, others 

showed only limited material choice. In Figure 9c we show which methods were used to deposit 

various material families. Directed assembly of preformed materials (photo thermal printing, 
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microbubble assisted printing and printing with optical forces) was used for deposition of 

metals, polymers and organic materials. However, we assume one can expand these methods to 

deposit also other types of materials. Basically, materials that could be prepared as a dispersion 

of NPs could then be selectively deposited by one of these methods. Another advantage of 

deposition of preformed materials is that excellent control over the size and shape of the 

particles forming the microstructure is gained, as particles with specific properties can be 

chosen before using them for depositions. Patterning living cells cannot (at least in the foreseen 

future) be performed with the local synthesis approach. Directed assembly of cells was only 

shown by utilizing optical forces.[22,90,91,105] Photo thermal printing and microbubble assisted 

printing could also hypothetically assemble living cells, however, studies regarding thermal 

damage in these cases are required.           

The directed local synthesis approach has certain advantages of its own when compared to using 

pre-formed materials. It offers improved stability over time of the precursors and eliminates the 

need for additional material preparation steps or addition of stabilizers, which could negatively 

impact desired material properties. In terms of material versatility, single photon reactions were 

only used to print polymers. As this approach is employed to solidify the entire volume exposed 

along the laser’s pathway (by turning monomers into a solid polymer matrix), it is unlikely to 

be applicable for other material families which usually make up only a fraction of the liquid 

medium.  For multi photon reactions, polymers, metals (mostly metal ions with a high reduction 

potential) and their combination were demonstrated. It should be possible to expand the use of 

multi photon reactions also to oxides and organic molecules by tailoring the applied wavelength 

and the surrounding chemical environment. Thermally driven reactions were shown to locally 

synthesize metals, oxides and organic molecules. Alloys and composites were also 

demonstrated utilizing thermally driven reactions with microbubble assisted printing (see 

variants in Section 3.3). This approach could be easily expanded to other materials and material 
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combinations. One could supposedly tailor various chemical environments where an increase 

in temperature leads to a reaction that forms the desired material. It seems that the main 

limitation could be thermal damage. However, previous studies showed that during short 

durations of local heating by laser, even sensitive materials (polymers, MOFs and organic 

materials) were not seen to degrade.[70,72,74,77,176,178]   

Feature size: Various applications would benefit from attaining feature sizes as small as 

possible. Photo-thermal printing and micro-bubble assisted printing, as well as printing via 

multi photon and thermally driven reactions, demonstrated sub-micron feature sizes while 

single photon reactions showed a minimum feature size of several microns. The diffraction limit 

is sometimes considered as a restricting barrier, however sub-diffraction feature sizes (tens of 

nanometers in the x-y plane) were achieved utilizing multi photon reactions due to non-linear 

processes. Clearly, the building blocks need to be significantly smaller than the structure which 

they assemble. To attain minimal feature size, appropriate NPs should be chosen when printing 

from pre-formed materials. For deposition by local synthesis – specifically using multi photon 

reactions and thermally driven reactions – surfactants are sometimes used to produce small NPs. 

We note that patterning with optical forces was mainly used for selectively placing NP (with a 

minimum separation of 60 nm[62]) rather than formation of continuous patterns.  

Minimal feature size should not be the only subject of discussion. The range of feature sizes 

attained by a single passage of laser on the liquid medium should also be considered. The reason 

is that features considerably wider than the minimal feature size could be required for certain 

applications. While these structures could be formed by repeating the process several times with 

small feature sizes, this process could significantly enhance the printing time and the product 

might have subpar properties due to consideration of boundaries between adjacent features. 

Diverse features are also required when attempting to connect macro-sized objects with micro 

and sub-micro-structures. Therefore, a method that allows printing of a broad range of feature 
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sizes would be favorable. While deposition by multi photon reactions offers the smallest feature 

size, it is limited in range, possibly due to the high laser intensities required. Photo thermal 

printing, microbubble assisted printing and deposition by thermally driven reactions offer a 

wide range of feature sizes ranging from hundreds of nanometer to tens/hundreds of microns 

(Figure 9b) that could be further extended.   

3D structures: Micro AM is a growing field in which 3D structures at the micro scale are 

obtained for various applications. Methods utilizing directed local synthesis promote adhesion 

between particles, while the materials are formed in-situ. These methods demonstrated various 

arbitrary 3D assemblies utilizing single photon[127,128,137–139,141] and multi-

photon[140,142,143,153,159,163,164] reactions (Figures 6 and 7). Thermally driven reactions only 

showed formation of simple multiple layers[170] and rod like structures[168] (Figure 8c and 8d). 

On the other hand, adhesion of preformed materials while they are assembled is more 

challenging, as these materials are also required to be stable as a dispersion. Therefore, 

formation of 3D microstructures requires special considerations. Thus far, very limited 3D 

microstructures of preformed materials were attained by gelation of the surrounding medium 

or by promoting adhesion using electrophoretic deposition[116,117] (Figure 5m and n). Other 

methods for more versatile 3D formation are conceivable. The most straightforward approach 

could be to tailor the coating of the preformed NPs in a way that will maintain their dispersibility 

while promoting adhesion once they are exposed to laser light.         

Printing speed: Achieving high printing speeds is an important factor for further development 

and commercialization of these bottom up methods. While there are various ways of defining 

the printing speed, for clarity and consistency we consider length per time. The highest printing 

speed, up to 4000 mm/s,[137] was demonstrated for local polymerization utilizing single photon 

reactions. This speed is faster by several orders of magnitude compared with all other methods 

(emphasized in Figure 9a). The reason for this remarkable speed is that there is no need for 
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physical movement of the chemical components while the illumination area is large and 

requires low intensities for activation. All other methods (except MPP) require physical 

movement of preformed materials or ions, which limits printing speed. MPP on the other hand 

requires high laser intensity that is achieved by pulsed lasers with limited operation frequency.      

Micro bubble assisted printing and thermally driven reactions are the runners-up in terms of 

printing speed with 9 mm/s[69] and 10 mm/s,[174] respectively. This is considerably faster 

compared to multi photon reactions with 0.9 mm/s and the much slower photo thermal printing 

and printing by optical forces methods. This can be rationalized as both micro-bubble assisted 

printing and thermally driven reactions maintain a constant supply of materials/precursors to 

the reaction area, thereby increasing deposition rates while the other methods rely only on 

materials/precursors in the vicinity of the focal point. The limiting rates of micro-bubble 

assisted printing and thermally driven reactions have not been thoroughly studied. There are 

various parameters that could influence printing speed: laser intensity, liquid boiling point and 

viscosity, material type, size and concentration profile, the reaction rate, micro-bubble size, 

temperature gradients, type of substrate, surface treatments, and the chemical environment. We 

believe that both theoretical and experimental studies in this field are necessary to improve the 

printing speed for these methods that could be considerably higher than current state-of the art. 

These studies could also help in reducing minimal feature sizes for micro-bubble assisted 

printing and thermally driven reactions. Furthermore, all methods could benefit in terms of 

practical printing speed by employing engineering solutions such as splitting the laser beam to 

multiple separately controllable beams using a SLMs (currently demonstrated only for printing 

by optical forces).    

Substrates: While certain methods could benefit from specific substrate properties, these are 

not fundamental requirements. For example, thermal based methods are usually more lenient 

towards light-absorbing substrates, however printing on transparent substrates was also 
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demonstrated for micro-bubble assisted printing[69,70,77,84] and thermally driven 

reactions.[170,171,174] Similarly, for other methods, transparent substrates are preferred in order to 

reduce heat, although printing on light-absorbing substrates was shown for multi-photon 

reactions.[140] In many cases the substrate’s surface is also modified to promote adhesion. We 

note that the mechanism that describes how materials adsorb to the surface is in many cases 

lacking and requires further in-depth studies. This is especially noticeable for MPR where the 

suggested mechanism is nucleation and growth, however the mode by which these materials 

adhere to the surface (instead of staying in the liquid medium) is unclear. Printing on various 

non-planar substrates such as human hair (Figure 7) was shown, utilizing MPP, however this 

could conceptually be achieved with other methods as well. 

Properties of deposited materials: The properties of the assembled materials are a key aspect 

in many applications. The size of the particles forming the microstructure and the way they are 

arranged (porosity, density, interface between adjacent particles, etc.) could determine various 

mechanical, electrical and thermal properties. In the following, we discuss how the various 

methods presented in this report are manifested in the meso-structure of the deposited materials. 

As various materials were already deposited, a meaningful discussion must focus on similarities 

and differences of a small set of materials. Here, we mainly discuss gold and silver depositions 

that were utilized with the various methods and can therefore be compared. However, the 

underlying principles are relevant also to other materials.  

When using methods utilizing preformed materials, the size of the building blocks forming the 

final structure is easily controlled by choosing appropriate NPs. Smaller particles can 

accumulate to form denser structures and thus achieve properties closer to the bulk. However, 

in most cases the metallic NPs are coated with capping agents, which can prevent intimate 

contact. Printing with optical forces usually results in assembly of discrete NPs[66,88,102] (gold, 

Figure 10a) without affecting their capping. Photo thermal printing forms accumulations of 

NPs (gold, Figure 10b), [52] but there is no indication that the capping layer is removed, and the 
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NPs are not in close contact with each other. When choosing appropriate parameters for 

microbubble assisted printing,[69] continuous formation of silver microstructures could be 

achieved (Figure 10c). The conductive properties of these microstructures suggest that the 

capping agents were partially removed due to thermal considerations. Post processes can be 

utilized for further sintering and improved conductivity.[69] 

Controlling the building blocks' size for directed local synthesis methods is more challenging 

as the size of particles is determined by the specific chemical environment. Addition of 

stabilizers is not mandatory, however in certain cases capping agents added to the precursor 

solution resulted in smaller and more controllable building blocks. As an example,  thermally 

driven reactions without stabilizers were shown to produce conductive silver patterns with 

micro-sized leaf-like structures (Figure 10d) that could be avoided when adding capping 

agents.[172] On the other hand, dense gold structures were formed even without capping agents 

(Figure 10e).[172] Changes in printing parameters such as laser intensity and speed could also 

influence the size of building blocks.[172] MPR was also utilized to form conductive silver micro 

structures with[146] (Figure 10f) or without[158] capping agents. The conductivity indicates close 

contact between building blocks even in the presence of capping agents. The influence of 

concentration and type of capping agent on the size of NPs was also studied.[146] The variant 

combining a thermally driven reaction with micro-bubble assisted printing was shown to form 

continuous microstructures consisting of both crystalline and amorphous features[176] (Figure 

10g, mechanism discussed in section 3.3).  

Other distinctions between methods: Above, we discussed the differences between methods 

regarding several key aspects. However, there are additional aspects that could differentiate 

among the various methods. While different methods utilize wavelengths in the visible 

spectrum and near IR (405–1480 nm), single photon reactions usually require UV wavelengths 

(355–405 nm, with an exception of 488 nm[134]). The practical reason for this is that using 

materials sensitive to other wavelengths for single photon synthesis could result in unwanted 
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reactions in normal (room) lighting conditions. In all other methods, triggering a reaction 

requires highly concentrated lasers, and they are therefore not sensitive to normal lighting 

conditions. Multi photon reactions require high photon flux and therefore usually utilize pulsed 

lasers. Other methods could employ CW or pulsed lasers, the latter sometimes used to reduce 

unwanted thermal effects.[113] Conceptually, all methods could utilize setups employing laser 

illumination from the top or from the bottom, as there is no fundamental restriction that would 

limit this option. Indeed, most methods demonstrated both options. However, practical 

considerations (not directly related to the reaction mechanism) may lead to preference towards 

a certain configuration. As an example, single photon reactions use the laser from the top 

scheme, as this allows easier control over the way precursors are inserted for 3D layer-by-layer 

printing.  

 

5. Conclusion & outlook  

In this progress report, we presented an overview of the various laser-based methods for micro-

printing in liquid environments. Although the basic setup is maintained with minimal alterations, 

there are a surprising number of underlying mechanisms and variants. What also contributes to 

the confusion is that different methods were used to achieve similar products. Furthermore, 

these methods were studied and developed by researchers from different disciplines including 

chemistry, physics and materials engineering who naturally focus on different aspects. 

Therefore, this report offers a unified methodical comparison of the various methods that will 

benefit members of these different societies. We hope that future studies will use this layout to 

systematically rule out possible mechanisms thereby increasing confidence in the mechanism 

proposed.  

Laser-based printing from liquids requires simple setups and utilizes materials that are easy to 

handle and could be recycled with minimum waste; we therefore believe that these methods 
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hold great promise for various applications. The material versatility, excellent resolution, and 

ability to print arbitrary 2D and 3D structures on various non-planar substrates offer unique 

advantages. These methods could be combined with traditional macro and micro fabrication 

methods such as inkjet printing, SLS and lithography. The various methods presented here 

should not be considered as a disruptive technology that would necessarily replace current 

bottom-up and top-down approaches, but rather as a complimentary pathway with several 

advantages. While micro printing with single and multi-photon polymerization is highly 

developed and has already achieved commercial maturity, these methods are relevant only for 

polymeric products. For other material families, further development of appropriate methods is 

required to realize their full potential. Investigating how these systems could be scaled up and 

increasing printing velocity are crucial steps towards commercialization. Scale-up can be 

achieved by employing engineering solutions for parallel printing by splitting the laser beam to 

multiple separately controllable beams within a single objective lens as well as stacking many 

lenses together. Both theoretical and experimental studies are required in order to determine 

maximal velocities and minimal feature sizes. Methods that have currently only demonstrated 

2D assemblies require additional research in order to achieve 3D microstructure formations. In 

this context, better control over adhesion to the substate and cohesion between particles for both 

preformed and directed local synthesis approaches is required. Looking forward, micro-sized 

structures could be envisioned not only integrated into macro-sized objects but also as 

standalone objects, possibly for medical usage. Formation of such micro-objects (e.g., devices 

and robots) would require the ability of assembling materials with various functionalities. 

Microprinting of "smart" materials such as shape-memory polymers and composites with 

tailored properties would be essential for such developments. We hope that by offering a layout 

that organizes the various mechanisms and illuminating the required advancements, this 

overview will contribute to these efforts.    
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Figure 1. Basic setup for laser printing from liquid. Laser light is steered through a focusing 

system towards the liquid medium, forming 2D or 3D microstructures by moving the laser 

relative to the substrate that carries the liquid (the z axis is perpendicular to the substrate). The 

question mark represents the deposited microstructure and symbolizes the various possible 

mechanisms.   
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Figure 2. Laser printing methods from liquid according to material origin – preformed or 

locally synthesized. Methods for assembly of preformed materials are divided according to the 

forces that affect movement of materials towards the focal spot. Methods that use local 

synthesis are divided according to the mechanism by which photon absorption leads to material 

assembly.  
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Figure 3. Deposition by photo thermal printing. (a) Illustration of material deposition on a 

substrate utilizing two separate underlying driving forces: convective flows (left) and 

thermophoresis (right). Arrows represent directions of convective flows (colored red and blue 

for hotter and cooler areas, respectively) arising from the temperature gradient. M+ and X- 

represent ions (metal cations and complementary anions, respectively) separated according to 

their Soret coefficients, leading to formation of an electric field which drives preformed charged 

particles by the opto-thermoelectric mechanism. (b) Illustration of the convective flow 

mechanism that leads to assembly of gold NPs. (c) Dark-field microscope image of assembled 

gold nano-rods by convective flows forming an “Au” pattern. Scale bar: 100 µm. (d) Illustration 

of thermophoresis by the opto-thermoelectric mechanism leading to material deposition of 

charged particles. Ft and Fr denote thermoelectric trapping and repulsive forces, respectively. 

(e) Bright-field microscopy images demonstrating reconfigurable photo-thermal printing by the 

opto-thermoelectric mechanism of polystyrene spheres that are reversibly fixed on the substrate 

by depletion interactions. Moving spheres result in transition of the “sad” face into a “happy” 

face. Scale bar: 5 µm. (b, c) Reproduced with permission.[53] Copyright 2018, Wiley-VCH. (d, 

e) Reproduced with permission.[52] Copyright 2017, The Royal Society of Chemistry. 
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Figure 4. Micro-bubble assisted printing. (a) Local laser heating increases vapor pressure until 

a vapor micro-bubble is formed. Material deposition on a substrate is achieved by convective 

flows that carry particles towards the base of the micro-bubble where some of them are pinned. 

(b) Simulated temperature and (c) flow velocity gradients around a 1 μm microbubble. (d) 

Zoomed-in cross sectional illustration of the gas/liquid/solid interface. (e) SEM image showing 

deposits of Ag NPs in ring patterns typical of depositions by a microbubble. (f) Illustration of 

convective flows where the light is absorbed by preformed particles but not by the substrate. 

(g) Particles deposited at the base of a microbubble with and without moving the laser (lower 

and upper images, respectively). (h) Polyaniline forming the word “PANI”. (i) Bright field 

microscope images of Ag NPs deposited by a microbubble with and without modulation of the 

laser, leading to continuous and non-continuous deposition, respectively. (j) Micrograph of a 

fabricated quick response (QR) code (80 μm × 80 μm) made from QDs. The scale bar is 25 μm. 

(k) SEM image of a pattern where each spot is a three-dimensional hollow structure formed by 

540 nm PS beads that covered the microbubble. Scale bar: 5 μm. Scale bar in inset: 1 μm. (b, 

c) Adapted with permission.[72] Copyright 2016, American Chemical Society. (d) Reproduced 

with permission.[85] Copyright 2019, American Chemical Society. (e, i) Adapted with 

permission.[69] Copyright 2017, American Chemical Society. (f) Adapted with permission.[80] 

Copyright 2019, American Chemical Society. (g) Reproduced with permission.[68] Copyright 

2017, American Chemical Society. (h) Reproduced with permission.[70] Copyright 2020, 

American Chemical Society. (j) Reproduced with permission.[68] Copyright 2017, American 

Chemical Society. (k) Reproduced with permission.[72] Copyright 2016, American Chemical 

Society. 
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Figure 5. Deposition by optical forces. (a) Material deposition utilizing optical forces that trap 

or push particles towards the substrate. The arrows show the axial component, which is parallel 

to the beam direction, and the radial component, which is perpendicular to the beam direction. 

(b) Possible manipulations (trapping, translation and positioning) by optical tweezers for 

Au@DNA-origami hybrids. (c) Field-emission SEM image of a fabricated Ag-Au heterodimer. 

(d) Dark-field microscopy (top) and SEM (bottom) images of the word “DNA” produced by 

Au@DNA-origami hybrids. (e) A quadruple spiral fabricated using optical trapping utilizing a 

SLM to form multiple focal points from a single laser. Permanent fixing of the Au NPs was 

achieved by electrophoretic deposition. (f) Printing of stem cells (pink spheres) by optical forces 

between two cardiac muscle fibers (green) in microcells. (g) Optical force utilizing a spatial 

light modulator (SLM) to produce an array of beams. (h) Illustration of the overall potential 

energy along the beam axis where both optical forces and thermally driven flow are present. (i) 

Combined optical and thermal forces. (b, d) Reproduced with permission.[104] Copyright 2012, 

American Chemical Society. (c) Reproduced with permission.[66] Copyright 2016, American 

Chemical Society. (e) Reproduced with permission.[117] Copyright 2017, The Japan Society of 

Applied Physics. (f) Adapted with permission.[105] Copyright 2012, The Royal Society of 

Chemistry. (g) Adapted with permission.[88] Copyright 2011, American Chemical Society. (h) 

Reproduced with permission.[51] Copyright 2010, The Optical Society. (i) Reproduced with 

permission.[67] Copyright 2015, The Optical Society. 
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Figure 6. Single photon reactions. (a) Material deposition on a substrate utilizing a single 

photon that has enough energy to excite an electron from the ground state, thus promoting a 

polymerization reaction. The entire illuminated volume is polymerized. (b) Illustration of a 

µSLA apparatus showing laser illumination on a thin liquid resin layer. Repetition of this 

process over several layers forms the desired 3D microstructure. (c) Illustration of the photo-

polymerization by evanescent waves (PEW) method where sub-micron resolution in the z-

direction is achieved. The liquid resin is covered by a high refractive index material, and the 

laser is steered at or above the critical angle, thus the evanescent wave can locally polymerize 

the resin. (d) Illustration of the interference lithography method during microfluidic flow. A 

shutter controls the exposure time of the UV laser while a transparency mask defines the 

microstructure (rectangles). The phase mask forms interference patterns inside the formed 

microstructures. (e) Differential interference contrast (DIC) and SEM images of the 

microstructures fabricated by interference lithography. (f) A photograph of an object printed by 

μSLA fabricated from PEGDA mixed with urethane dimethacrylate. (g, h) Photographs of a 

truncated icosahedron produced from a shape memory polymer (g) during deformation and (h) 

after returning to the original printed structure. (b) Reproduced with permission.[141] Copyright 

2002, Elsevier. (c) Reproduced with permission.[129] Copyright 2011, American Chemical 

Society. (d, e) Adapted with permission.[136] Copyright 2007, Wiley-VCH. (f) Reproduced with 

permission.[127] Copyright 2008, IOP Publishing permission conveyed through Copyright 

Clearance Center, Inc. (g, h) Reproduced with permission.[137] Copyright 2017, Taylor & 

Francis Group. 
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Figure 7. Multi photon reactions. (a) Material deposition on a substrate utilizing two photons 

to excite an electron from the ground state, promoting polymerization or reduction. Only 

regions at the focal point subjected to laser intensity above a certain threshold are polymerized 

or reduced. (b) Multi photon polymerization (MPP) process where the focal point of the laser 

is freely moved relative to the substrate in three dimensions, thus forming 3D microstructures. 

(c) Laser intensity distribution of the focused light demonstrating the thinner polymerized 

region for MPP (blue) which could allow sub diffraction limited patterning compared to single 

photon polymerization (red). SEM images of polymeric structures fabricated from (d) acrylate-

based monomers and (e) BSA proteins. (f) Backscatter SEM and bright-field (zoom in) images 

of 2D structures consisting of Pt (head of panda bear) and Pd (body of panda bear). Scale bar: 

20 μm. (g) A SEM image of 3D Ag structures forming pyramids. (h) SEM images of a 

polymeric photonic crystal fabricated by MPP. (i) SEM images showing Ag printed on a non-

planar hemisphere substrate. (j) Cross sectional elemental maps of a pattern produced from a 

mixture of an Ag ion solution with preformed TiO2 NPs by MPR with microbubble assisted 

printing, forming a core-shell structure. (b) Adapted with permission.[181] Copyright 2006, 

Wiley-VCH. (c) Adapted with permission[182] under CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/).(d) Adapted with permission,[140] copyright 

2004, AIP publishing. (e) Adapted with permission.[140] Copyright 2009, Wiley-VCH. (f) 

Reproduced with permission.[149] Copyright 2012, American Chemical Society. (g) Reproduced 

with permission.[151] Copyright 2009, Wiley-VCH. (h) Reproduced with permission.[153] 

Copyright 2003, The Optical Society. (i) Adapted with permission.[152] Copyright 2010, Wiley-

VCH. (j) Adapted with permission[150] under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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Figure 8. Thermally driven reactions. (a) Material deposition where absorption of laser light 

generates heat at the focal point, thus increasing the probability of overcoming the reaction 

activation barrier. Mostly, the precursor solution consists of metal ions (M+) that form metals 

or oxidized metals by electron transfer. (b) EDS micrograph of various deposited metals and 

oxides, structured according to the periodic table. The inset shows a SEM image of iron oxide 

forming the word “rust”. (c) SEM images of fabricated iron oxide, ZnO and ZnO/iron oxide 

hierarchical nano-/microstructure by thermal synthesis. (d) Illustration, SEM and EDS images 

of multi layered microstructures. Subfigures e–i relate to a variant of thermally driven reactions 

where a microbubble plays a major role in material deposition.  (e) Illustration of Marangoni 

convection and capillary forces, which in combination with evaporation of the liquid around 

the microbubble lead to an increase in ion concentration. Red particles represent ions whereas 

green particles represent the synthesized NPs. (f) The mechanism by which NPs formed in the 

liquid phase are carried and deposited at the liquid/gas/solid interface together with materials 

locally synthesized in the same area. This was based on the observation that the deposited 

materials were a combination of crystalline and amorphous structures, while NPs formed in the 

liquid phase were only crystalline. (g) SEM image showing ring shaped depositions of iron 

oxide, which are characteristic for deposition around a micro-bubble, from a solution containing 

iron ions. (h) SEM image of a ZnO pattern obtained by laser local thermal synthesis of 

[Zn(NH3)4]2
+ solution. (i) High-angle annular dark-field (HAADF)-STEM image of an alloy 

containing Rh and Au. The inset shows EDS mapping of Au in green and Rh in red. (b) 

Reproduced with permission.[171] Copyright 2016, American Chemical Society. (c) Adapted 

with permission.[168] Copyright 2014, American Chemical Society. (d) Reproduced with 

permission.[170] Copyright 2019, American Chemical Society. (e) Reproduced with 

permission.[179] Copyright 2017, American Chemical Society. (f, g) Reproduced with 

permission.[177] Copyright 2019, Wiley-VCH. (h) Reproduced with permission.[179] Copyright 

2017, American Chemical Society. (i) Reproduced with permission.[180] Copyright 2019, 

Elsevier.  
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Figure 9. (a) Visual comparison between various aspects of laser-based methods for printing 

from liquids. The colors green, yellow and red represent excellent, mediocre and poor properties, 

respectively. (b) Printing methods used for each type of material family. (c) Line width range 

achieved by each method. (d) Figure legend with abbreviations for the various methods.  
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Figure 10. Mesostructures of gold and silver depositions. (a) Dark-field images of Au NPs 

deposited by optical forces forming the words “CeNS” and “nim”, demonstrating assembly of 

discrete NPs. (b) SEM images of Au NPs accumulated by photo thermal printing. Scale bars: 

20 μm (left) and 100 nm (right). (c) Cross-sectional SEM image of an Ag continuous 

microstructures produced by microbubble assisted printing. (d) SEM image of a conductive 

silver pattern with micro-sized leaf-like structures fabricated by a thermally driven reaction 

without capping agents. (e) SEM image of a dense gold structure formed without capping agents 

by a thermally driven reaction. (f) SEM pattern of a conductive silver microstructure produced 

by MPR. (g) HRTEM image of a continuous silver micro-pattern consisting of both crystalline 

and amorphous features produced by a combination of a thermally driven reaction with micro-

bubble assisted printing. (a) Reproduced with permission.[102] Copyright 2016, American 

Chemical Society. (b) Reproduced with permission.[53] Copyright 2019, Wiley-VCH. (c) 

Reproduced with permission.[69] Copyright 2016, American Chemical Society. (d, e) 

Reproduced with permission.[172] Copyright 2019, Wiley-VCH. (f) Reproduced with 

permission.[146] Copyright 2016, American Chemical Society. (g) Adapted with permission.[177] 

Copyright 2019, Wiley-VCH. 
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Table 1. Comparison between methods.  

Method Mechanism  Materials Max printing 

speed 
Feature size range Misc. 

Photo-

thermal 

printing 

Local laser heating forms a temperature gradient 
leading to: 

I) separation of ions resulting in a local electric field 
that supports movement of charged particles 

towards the heated area, and/or 
II) particles that are carried by the bulk motion of 

the liquid towards the focal point. 

Metals, 

polymers, 

organic 

molecules 

~1 µm/s[53] 

 

300 nm[49] – 200 μm[54] 

 

Reconfigurable printing was 

demonstrated.[52] 

Micro-

bubble 

assisted 

printing 

Local laser heating increases vapor pressure until 

a vapor micro-bubble is formed. Convective flows 

and capillary forces carry particles towards the 

base of the micro-bubble where some of them are 

pinned.  

Metals, 

polymers, 

organic 

molecules 

10 mm/s[68] ~510 nm[71] – 50 µm[77] I) Laser modulation enables 

formation of continuous 

patterns.[69] 

 

II) 3D hollow spherical 

structures covered with 

particles were 

demonstrated.[72] 

Printing 

by optical 

forces 

Optical forces arising due to conservation of 

photon momentum (particle size >> λ) or 

electrostatics (particle size << λ) could be used for: 

I) trapping materials with optical traps and then 

depositing them at specific desired locations on a 

substrate, or 

II) using the scattering force to push materials 

towards the substrate. 

Metals, 

polymers, 

organic 

molecules, 

cells 

5 s per 

particle[183] 

 

Mostly individual 

particles are 

selectively placed  

 

I) Minimal distance between 

assembled particles 60-150 

nm.[65,66] 

 

II) Gels and electrophoresis 

used for fixing 

structures.[87,91,115–117]  

 

Single 

photon 

reactions 

Photons with enough energy to excite an electron 

from the ground state to a higher energetic state 

are used to promote polymerization. Due to limited 

penetration depth and poor selectivity in the z-

direction, polymerization occurs close to the 

surface of the liquid. A layer by layer approach is 

used to form 3D polymeric microstructures. 

Photocurable 

resins 

4000 mm/s[137] 5 µm[123] – 70 µm[129] 
 

I) Commercially available.  

 

II) Minimizing penetration 

depth (down to 45 nm[129] in 

the z direction) can be 

achieved by using the PEW 

approach. 

Multi 

photon 

reactions 

A non-linear process that occurs when at least two 
photons are required to excite an electron to a 

higher energy state, thereby promoting a chemical 
reaction. High energy pulsed lasers have been 

shown to promote polymerization or reduction of 
metal ions. The energy of the laser can be tuned in 
a way that produces sub-diffraction-limit features. 
The focal point of the laser could be freely moved 
in three dimensions for multi-photon reactions thus 

forming 3D microstructures.   

Photocurable 

resins, 

metals 

 

 

0.9  mm/s[150] 65 nm[143]  – 5 

µm[140,145] 

I) Commercially available. 

 

Thermally 

driven 

reactions 

Occur when absorption of laser light generates 

heat, thus increasing the probability of overcoming 

the reaction activation barrier and promoting 

electron transfer. 

Oxides, 

metals, 

polymers, 

organic 

molecules, 

alloys, 

molecular 

compounds 

10 mm/s[174] 

 

~0.7 µm[172] – 500 

µm[174] 

 

I) Multi layered (2.5D) [166] and 

simple 3D microstructures[168] 

were demonstrated. 
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Table 2. Parameters for photo thermal printing.  

Wavelength [nm] 1480,[54–56] 785,[52] and 532[52,53] 

Laser power [mW] 0.13–200[52–54,56] 

Objective lens 5×,[54] 20×,[53] 32×[56], and 40×[52,55] 

Printing velocity ~1 µm/s [52] 

Substrate Glass,[53,54] glass coated with Au,[52] Si wafers[53] sapphire,[54] and 

polydimethylsiloxane (PDMS)[54–56] 

Continuous phase Deionized water,[53] electrolyte aqueous solution,[52,54–56] and 

acetone[53] 

 

 

Table 3. Parameters for micro-bubble assisted printing.  

Wavelength [nm] 405,[75] 532[68–72,74], and 1064[73,77,79] 

Laser power [mW] 0.28–250[68–74,77] 

Objective lens 5×,[74] 40×,[69,70,79] 60×[72], and 100×[68,71–73,77] 

Printing velocity 10 μm/s – 10 mm/s[68–72,74,77,84] 

Substrate Glass,[67–69,76,83] PET,[67] substrates coated with Au,[68,71–73] Ag,[74] or a 

monolayer of MoS2
[72] 

Continuous phase Water,[68,69,71,72,74,77,79] diethylene glycol butyl ether (DB),[69] 

mesitylene,[84] and N-methyl-2-pyrrolidone (NMP)[70] 
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Table 4. Parameters for printing by optical forces.  

Wavelength [nm] 405,[66,109] 532,[65,66,88,103,106,109] 640,[109] 650,[108] 700,[108] 

800,[22,89,90,105] 817,[107] 830,[90] and 1064[103,104] 

Laser power [mW] 0.3–493[22,65,66,88–91,102–109] 

Objective lens 100×,[88,102,104,106,107] 63×,[102] 60×,[88,107] 40×,[90] 20×[105] and 10×[90] 

Fixing speed 5 s per particle[102] and 10–120 s per cell[22,90] 

Substrate Glass,[23,64,65,87–89,101,106,107,112,113]  functionalized glass,[64,87,88,101,103,108] 

sapphire (with or without a reduced graphene oxide layer),[65] glass 

covered with SU8,[114] silicone,[113] PDMS,[112] and poly(methyl 

methacrylate) (PMMA)[112] 

Continuous phase Water,[22,65,66,89,102,103,106–109,113,125] toluene,[114] D2O,[107] and various 

cell media with additives[90,91,105] 

 

Table 5. Parameters for printing by single photon reactions.  

Wavelength [nm] 355,[127] 364,[128,141] 405,[129,137–139] and 488[134] 

Laser power [mW] 2–250[127,129,137,139] 

Objective lens 50×[127] and 20×[127]          NA: 1.65[134] 

Printing speed 50 mm/s[127] – 4000 mm/s[137] 

Substrate Quartz,[137] glass,[127,129,134] and glass coated with a thin layer of a 

monomer (3-(trimethyoxysilyl)propyl methacrylate[128]) 

Continuous phase Water,[127] polyethylene glycol,[127] chloroform,[127] and 

acetonitrile[129] 
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Table 6. Parameters for printing by multi photon reactions.  

Wavelength [nm] 980,[162] 800,[140,151,157,158,158,160,163] 790,[152] 780,[142,145–147,150,153,161] 

770,[164] 750,[149] 735,[144] 730,[143] 710,[160] 700,[158] and 520[143] 

Laser power [mW] 0.2–500 [139,141,143–152,156–163] 

Objective lens 100×,[144–147,149,152,153,159,160,163] 60×,[143,148,151,157,158] 40×,[140,150,164] 

20×[150,163], and 4×[162] 

NA: 0.3,[140] 0.5,[150,163] 0.6,[150] 0.85,[164] 1.0,[144] 1.3,[140,144,149,160] 

1.35,[152,161] 1.4,[142,143,145,151,153,159,163] 1.42,[147,156,157] and 1.45[146,147] 

Printing speed 1–900 μm/s[140,143,145–151,157–160,162,163] 

Substrate Glass[143,144,146–152,157,160,161,164] functionalized with poly(L-lysine),[160] 

(3-acryloxypropyl)trimethoxysilane,[140] (3-aminopropyl)-

triethoxysilane (APTES)[145,158] and 3-(trimethoxysilyl)propyl 

methacrylate.[158] Quartz,[157] CaF2,
[150] Au3+ doped PMMA film,[156] 

inside a fused-silica capillary,[160] and on a human hair[140] 

Continuous phase Water,[77,146,148,151,152,158–160] water/ethanol[145,150,157] phosphate 

buffered saline[144] and HEPES buffered saline[160] 
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Table 7. Parameters for printing with thermally driven reactions.  

Wavelength [nm] 405,[169] 532,[166–168,175] 750,[171] 760,[170] 808,[174] 830,[172,173] and 

980[173] 

Laser power [mW] 0.45–165[166–173,175] 

Objective lens 5×,[166,168,175] 10×,[174] 20×,[166,168] 40×,[173] 60×,[170] and 100×[171,172] 

NA: 0.45,[169] 1.3,[170,171] and 1.4[170] 

Printing velocity Pattern formation: ~1 μm/s – 10 mm/s[170–174] 

Growth of nanowires: 0.3–3.5 μm/min[166–169,175] 

Substrate Glass,[170–174] quartz,[173] polyimide,[173] mica,[172] metal coated 

substrate,[165,167–169,171,174] glass modified with tetraethylorthosilicate 

(TEOS),[171] and PMMA[172] 

Continuous phase Water,[166–172,175] ethanol,[166,173] isopropyl alcohol,[173] NMP,[173] and 

toluene[173] 
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ToC 

 

Laser-based printing where the precursors are in the liquid state is an evolving discipline, which 

is highly suited for deposition at the microscale, providing excellent resolution, minimal waste, 

and simple setups. This simplicity conceals a variety of underlying mechanisms, which are 

presented here in a unified manner according to the driving force for material assembly. 
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Table S1. Data for comparing the discussed methods. 

Method 
Printing 

speed            

Feature 

size 
Materials  

Objective 

& NA 

Laser 

power / 

intensity 

Wavelength 

[nm] 
Substrates Medium Misc. Ref 

Photo 

thermal 

printing 

- 

 

300 nm – 
50 μm 

 

Au NPs, Au 
nanorods, Au 

nanostars 
 

20× 
 

20–200 
mW 

 

785, 532 
 

Glass, Si wafer 
 

Water, 
acetone 

 

Flow 

velocity 

30 –500 

μm/min 

 

[53]  

 

 
- 

 

500 nm – 
2 μm 

 

Polystyrene + 
NaCl + CTAC 

 

40×,0.75 
 

0.72–1.2 
mW/μm2 

 

532 
 

Glass + Au 
 

Electrolyte 
aqueous 
solution 

 

 [52] 

 
- 

 
200 μm 

 

Fluorescently 
labeled 

polystyrene 
beads 

 

5×, 0.14 
 

100 mW 
 

1480 
 

Sapphire, glass, 
PDMS 

 

Water/tris-
HCl (pH 

7.8)  
 [54] 

 - 
10 μm 

 
 

DNA 
40× 

 
- 
 

1480 
 

PDMS 
 

Water/tris 
buffer 

 

Accumulatio

n flow – 

0.55 μm/s 

[55] 

 - 20 µm 
DNA, 

Polystyrene 
beads 

32×, 0.4 
0.13–10 

mW 
1480 PDMS 

Water/tris 
buffer (pH 

7.8) 
 

Advection 

speed – 10 

µm/s 

[56] 

Micro 

bubble 

assisted 

10 μm/s 

to 9 

mm/s 

 

~1 µm – 

~30 µm 

Ag NPs, 

Cu NPs 

 

40×, 0.6 

 

1–140 mW 

 

532 

 

Glass 

 

Water, 

DB 

 

 
[69] 

 

 

100– 

1000 

μm/s 

∼650 nm 

– ~2.5 µm 
CdSe/CdS QDs 100× 

0.28–1 

mW/μm2 
532 

Glass + Au 

PET + Au 

 

Water 

 
 [68] 

 - 1–8 μm 
CdSe@ZnS 

QDs 
100×, 1.3 

50 mW 

 
1064 Glass + Ti + Au Water  [73] 

 
>104 

µm/s 

510 nm – 

~2 µm 
QDs 100× 1 mW 532 

Glass + Au 

 
Water  [71] 

 1 mm/s 
4  – ~50 

µm 

soft oxometalate 

nanotubes + 

CNTs, glycine, 

paracetamol, 

 

100×, 1.4 0–100 mW 1064 Glass Water  [77] 

 
27 μm/s 

-31 μm/s 

540 nm – 

9.5 μm 

CdSe/ZnS QDs, 

Polystyrene 
100×, 60× 

0.56–0.97 

mW/μm2 
532 

Glass + Au,  

Glass + monolayer 

of MoS2 

Water  [72] 
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300 

µm/s 
~26.4 µm 

Fluorescent 

polystyrene 
5×, 0.13 250 mW 532 Glass + Ag Water  [74] 

 - - 
Silica-Au core-

shell NPs 
40×, 0.65 128 mW 1064 Glass optical fiber Water  [79] 

 
15–30 

µm/s 
~2.8 µm Pd/Ni NPs 40×, 0.6 

0.15–0.4 

W 
532 Glass  Mesytilene  [84] 

 
0.1–0.8 

mm/s 

650 nm – 

~5 µm 
Polyaniline 40×, 0.6 

2.8–5.3 

mW 
532 Glass  NMP  [70] 

Printing 

by optical 

forces 

- - Ag NPs 60×, 1.2 
30 

mW/μm2 
800 

Functionalized 

glass  
Water 

Distance 

between 

particles – 

564 nm 

 

[89] 

 
10 s per 

particle  
- 

Au NPs, 

Ag NPs 
100×, 1.0 

2.5–3.5 

mW 
532 

Functionalized 

glass 
- 

Simulations 

deposition 

of 64 

particles 

with a SLM  

[88] 

 
5 s per 

particle 
- Au NPs 100×, 0.9 300 μW 532 

Functionalized 

glass 
Water - [102] 

 - - Au NPs 100× 900 μW 532 

Glass, transferred 

to a thermos-

responsive 

polymer film 

Water 

Distance 

between 

particles – 

280 nm, 

reduced to 

120 nm 

 

[106] 

 - - 
Au@DNA-

origami 
100×, 1.0 

68–493 

mW 
1064 

Functionalized 

glass (PDDA) 
TBE buffer 

Distance 

between 

particles – 

800 nm 

[104] 

 - - Au NRs 
63×, 1.2–

1.4 

1.4–52 

mW   
1064, 532 Glass Water  [103] 

 - - Si NPs - 
1.2–1.8 

mW/cm2 

405, 532, 

640 

Functionalized 

glass (negatively 

charged) 

Water  [109] 

 

Hundred

s of cells 

per hour 
- 

Cells + 

polystyrene 

beads 
0.1 200 mW 830 Glass + collagen Cell culture  [91] 

 
10 – 30 

s/cell  
- 

Polystyrene 

microspheres, 

neuronal cells 

- 
50–200 

mW 
800 

Glass + poly-L-

lysine  
Water 

Distance 

between 

spheres - 

100 μm 

[22] 

 - - Stem cells 20×, 0.35 150 mW 800 
Functionalized 

glass 
Cell culture  [105] 

 - - 
Au-Au dimers,  

Ag-Au dimers 
1.0, 1.4 

0.75–1.2 

mW 
405, 532 

Functionalized 

glass 
Water 

Distance 

between 

particles – 

60 nm 

[66] 

 - - 
Au (disks) – Au 

(NPs) dimers 
- 

0.5–1.2 

mW 
532 

Functionalized 

glass,  

reduced graphene 

oxide layer on 

sapphire 

Water 

Distance 

between 

particles – 

150 nm 

[65] 

 - 10 μm 

Polystyrene 

microspheres, E. 

coli bacteria 

- 
6.7–8.8 

mW 
980 Fiber + Au - 

Average 

arriving 

velocity 

(4.34 μm/s) 

[67] 
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 - - Polystyrene 20×, 0.4 7 mW 1550 - Water - [51] 

 - - 
Bipyramidal Au 

NPs 
100× 

40–100 

mW 
817 Glass Water, D2O - [107] 

 

Aggrega

tion 

velocity: 

4-16 

nm/s 

2–6 µm BSA − AuNRs 60×, 1.2 2.4–4 mW 650, 700 Glass Water - [108] 

 - 
560 nm – 

~1.5 µm 
Au nanodots 100×, 1.35 5 - 10 mW 800 

Glass, 

Glass + SU8 
Toluene 

Pulsed 

laser  
[114] 

 - 
170 nm – 

1.75 µm 
CdTe QDs 100×, 1.35 10–45 mW 800 Glass Water 

Pulsed 

laser  
[125] 

 - 
190 nm –  

2 µm 
Ag NPs 100×, 1.45 - 800 

Glass, 

Silicon, 

PDMS, PMMA 
Water 

Pulsed 

laser  
[113] 

 

depositi

on rate -  

2.5 

cells/min 

- 
Embryonic 

spinal cord cells 

10×, 40×, 

0.75, 0.25 
450 mW 800 Glass Cell culture - [90] 

Single 

photon 

reactions 

50–100 

mm/s 

x-y: 5 μm 

z: 10 μm 

 

Organically 
modified 
ceramics 

 

20×, 50× 2–20 mW 355 
Functionalized 

glass 

Water, 

PEG 

curing 

depth 20–

80 μm 

✓ 3D 

[127] 

 - - PMMA - - 364 

Glass +  

3-(trimethyoxysilyl) 

Propyl-

methacrylate 

Chloroform ✓ 3D [128] 

 - - 

nanocomposite 
hydrogel - 

PEGDA−CNC 
Complex 

- 250 mW 405 - - ✓ 3D [139] 

 - 

SLA:  

x-y: 

100 µm 

z: 100 µm  

PEW: 

x-y: 60 µm 

z: 150 nm  

 

 
KC1162 – 

acrylic based 
commercial 

resin 

 

1.65 

190 

mW/cm2 
488 Glass - - [134] 

 - 
PEW: 

z: 45 nm 

Ethylene glycol 
dimethacrylate 

(EGDMA) 
- 22.5 mW 405 Glass Acetonitrile  [129] 

 

100– 

4000 

mm/s 
- 

 
Tert-butyl 
acrylate 

 

- 
80 

mW/cm2 
405 Quartz - ✓ 3D [137] 

 - - 

MAOMS + 
methacylate-
based resin 

 

- - 405 - - ✓ 3D [138] 

 - 

x-y: 30 μm 

z: 100 μm 

 

Silica, alumina, 
PZT + 

commercial UV 
curable resin 

 

- - 364 - - ✓ 3D [141] 

Multi 

photon 

reactions 

- 120 nm 
Urethane 
acrylate 

1.4 19 mW 780 - - ✓ 3D [142] 

 
10–60 

μm/sec 
65 nm 

SR9008 + 
SR368 - 

commercial 
resins 

 

60×, 1.4 
0.7–0.9 

μW 
520, 730 Glass - ✓ 3D [143] 
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 - 0.6 µm 

SCR-500 - 
commercial 

resin 
 

40×, 0.85 20–34 mW 770 Glass - ✓ 3D [164] 

 
0.3 

mm/s 
- 

 PEGDA 
 

4× 300 mW 980 - - ✓ 3D [162] 

 - 
x-y: ~1 μm 

z: 340 nm 

Multifunctional 
inorganic–

organic hybrid 
polymers 

(ORMOCER + 
Irgacure 369) 

  

100×, 1.4 30 mW 780 - - ✓ 3D [153] 

 
100 

ms/voxel 

0.3–0.6 

µm 

Siloxane based 
resins 

 
1.35 

1.9–8.2 

mW 
710, 780 Glass - - [161] 

 
25–300 

μm/s 

x-y: 0.8 

μm 

z: 1 - 45 

μm 

Acrylate based 
resins + SZ2080 
(hybrid organic–

inorganic)  
 

20×, 100×, 

0.5, 1.4 
500 mW 800 - - ✓ 3D [163] 

 10 µm/s ~2 µm 

Cross-linked 
protein in 
cellular 

environment 

100×, 1.3 
100–800 

mW 
800 

Poly(L-lysine)-

coated glass  

 

HEPES 

buffered 

saline 

 [160] 

 
10–30 

µm/sec 
5 µm 

 
Acrylate based 

resin 

40×, 1.3, 

0.3 
2–30 mW 800 

Human hair, 

functionalized 

glass 
- ✓ 3D [140] 

 
~0.1 

mm2/min 
0.5 µm 

Photo-
crosslinked BSA 

100×, 1.3, 

1.0 
50–60 mW 730-740 Glass 

Phosphate 

buffered 

saline 

✓ 3D [144] 

 2.5 µm/s  1 µm 

Au particles 
incorporated in 

an acrylate-
based matrix 

100×, 1.4 0.2 mW 700 
Functionalized 

glass 
Water ✓ 3D [159] 

 1 μm/s ~2–5 μm 
 

Au 
100×, 1.4 6 mW 780 

Functionalized 

glass 

Water 

/ethanol 
 [145] 

 
2–11 

μm/s 

186–360 

nm 
Ag 100×, 1.45 

0.32–0.72 

mW 
780 Glass Water  [146] 

 
2–5 

μm/s 

228–750 

nm 
Au 100×, 1.45 1.57 mW 780 Glass Water  [147] 

 
10 

μm/sec 
2 μm Pt, Pd 100×, 1.3 5 mW 750 Glass Water  [149] 

 
30–900 

μm/s 
2–11.3 μm 

Ag, TiO2, SiO2,  
Fe2O3 

20×, 40× 

0.6, 0.5 
30–80 mW 780 

Glass,  

CaF2  

Water/ 

ethanol 
 [150] 

 24 μm/ s 0.7–3 μm Ag, Au 60×, 1.42 2–30 mW 800 
Functionalized 

glass  
Water ✓ 3D [158] 

 
2.5–6 

μm/s 

120–500 

nm 
Ag 60×, 1.4 

0.85–1.35 

mW 
800 Glass Water ✓ 3D [151] 

 50 µm/s 0.5–3 µm Ag 60×, 1.42 
1.88–

18.85 mW 
800 Glass Water ✓ 3D [148] 

 
2.5–50 

μm/s 

120–400 

nm 
Ag 60×, 1.42 

0.87–3.66 

mW 
800 

Glass, 

quartz, doped 

PMMA 

Water/ 

ethanol 
✓ 3D [157] 

 - 
125 nm  – 

1 μm 
Ag 100×, 1.35 1.2 mW 790 

Nonplanar SU-8 

microstructures  
Water - [152] 

Thermally 

driven 

reactions  

∼1–4 

μm/min 
∼5–23 μm ZnO, TiO2 5× 

50–180 

mW 
532 Glass + Au + Ti, PI Water - [166] 
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 60 μm/h 
~ 20–80 

μm 
ZnO 20× 

19.8–57.7 

mW 
532 

Quartz + Au + Cr 

+ ZnO crystalline 

seeds 
Water - [167] 

 
0.75–1.5 

μm/min 
5−8 μm 

iron oxide, ZnO 
 

5× 15–20 mW 532 Glass + Pt Water - [168] 

 20 μm/h 
~10–15 

μm 
ZnO 5× 130 mW 532 

Glass +Ti +Au+ 

ZnO seeds 
Water - [175] 

 - 30–40 μm ZnO, Ag@ZnO 20×, 0.45 3–15 mW 405 Glass + Au Water 
Growth time 

∼5–15 min 
[169] 

 

Laser – 

300 

μm/s 

Stage – 

20 μm/s 

 

 

2.5–14.5 

μm 

Al2O3, TiO2, VO2, 
Cr2O3, Mn2O3, 
Fe2O3, Fe3O4, 
Co3O4, CuO, 
ZnO, ZrO2, 

MoO2, Mo4O11, 
WO3, Ru, Rh, 
Pd, Ag, Re, Ir, 

Pt, Au 

60×, 1.4 
0.45–165 

mW 
760 

Glass, 

Glass + Pt 
Water - [170] 

 10 μm/s 1 – ~6 μm 

 
Ir, Ru, Rh, Pd, 

Pt 
Oxidized: V, Cr, 
Mn, Fe, Co, Ni, 

Cu, Mo 

100×, 1.3 
~5–50 

mW 
750 Glass Water  [171] 

 10 mm/s 
130–500 

μm 
Cu, Cu@C 10× 

0–10 

W/mm2 
808 Glass, PI NMP  [174] 

 10 μm/s 0.7–10 μm 
Ag, Ag-PVP, Au, 

oxidized Cu, 
MoS2, AgBr 

100×, 1.3 10 mW 830 

Borosilicate glass 

+ Au, quartz, 

functionalized 

glass 

Water  [172] 

 
0.16–60 

µm/min 
5–7 µm 

SP3 and SP2 
carbon 

40× 5–10 mW 980, 830 
Borosilicate glass, 

quartz, mica 

Ethanol, 

IPA, 

toluene 

 [173] 

 - 4–50 µm 
SOMs, 

SOMs + PPy, 
SOMs + PANI,  

100×, 1.3 30–90 mW 1064 Glass -  [178] 

 10 µm/s ~8–30 µm FeBTC (MOF) 
50×, 40×, 

0.6 

1.3–10.6 

mW 
532 Glass  DMF  [176] 

 20 μm/s ∼1 μm ZnO 100×, 1.3 50 mW 1064 Glass + ITO Water  [179] 

 
1–10 

μm/s 
~5–18  μm 

Fe2O3, Ag, Cu, 
Pt 

40×, 0.6 13 mW 532 Glass DB  [177] 

 
12–40 

µm/s 
0.5–1 µm 

RhAu 
nanoalloys 

100× 
0.6 

mW/µm2 
532 Glass + Au Water  [180] 

 

 

 

 


