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Abstract

:

Inkjet printing, initially invented for text and pattern printing, has been extensively used to fabricate electronic, mechanical, and even biological devices. Numerous reviews focused on the mechanisms, development, and application of inkjet printing have been published in recent years. However, a small review has focused on the satellite droplets during inkjet printing. Satellite droplets have long been recognized as an undesirable byproduct in the inkjet community since they potentially blur the printing patterns, polluting the printer and the air. Numerous efforts have been made to avoid or suppress the generation of satellite droplets since the inkjet’s birth. However, recent studies demonstrated the delicately utilizing of the satellite for realizing extremely high printing resolution otherwise impossible for the traditional inkjet printing. In this review, we focus on the formation mechanisms of satellites, efforts made to suppress satellites, and techniques developed to utilize satellites, distinguishing them from the existing inkjet printing reviews.
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1. Introduction


Satellite droplets are formed during the fragmentation process of liquid filament, rim, film, or other slender structures that cannot hold their shape due to the high specific surface area. According to the Rayleigh–Plateau instability, the liquid column will lose its stability once the wavelength of surface disturbance is larger than its circumference. Initially, the term satellite was used in the astronomy field, which means the small bodies orbit an enormous body due to the universal gravitation, just as the moon orbits the earth. There are many answers to how the moon is formed; one is the collision hypothesis [1,2]. The collision between two drops [3,4,5,6,7,8] or between one drop and one liquid/solid surface [9,10,11,12,13,14] is ubiquitous in nature. Binary drop collisions with low velocity will merge [8], while a higher velocity will form rims/threads/filaments, which finally break into satellite droplets [3,4,5,6,7,8].



However, the detailed pinch-off process and the emergence of satellites are hard to clearly observe with the naked eye when drops strike on the liquid or solid surface, considering its very small geometric scale and transitory time scale. The invention of stroboscopic photography provides a powerful solution for capturing the periodic phenomenon by slightly regulating the phase shift between the actuator and the pulsed laser light. Extremely high time resolution can be achieved by reducing the phase difference between the two periods. Thanks to this stroboscopic photography technique, the first jet breakup process, the formation of main and satellite drops, and drop oscillations were captured by Savart in 1833 [15]. In 1887, Lenard noted that the time lag between successive drops was highly constant if the inflow of fluid was constant; he used this stroboscopic photography technique to capture the actual dynamic process of a dripping faucet [16]. Those images showed the dynamic formation process of the satellite droplets during the jet breakup process, which is too fast to be observed by the naked eyes. Since the invention of the continuous inkjet printing (CIJ) technique in the 1970s, stroboscopic photography has been ideal for capturing the periodic jet breakup process. The invention and generalization of inkjet printing, especially the drop on demand (DOD) inkjet printing techniques, have triggered more desire to expound on the pinching process of various kinds of liquid jets. The stroboscopic photography is no longer suitable for the DOD inkjet printing since the droplet’s ejection process might not be highly uniform. Thanks to the illumination of the Laser-Induced Fluorescence (iLIF) technique developed recently, the time resolution of a sub-microsecond can be achieved for investigating the pinch-off process of the DOD inkjet printing [17,18,19].



For the DOD inkjet printing, liquid drops are ejected from the orifice by the pulsed pressure wave in the chamber. The magnitudes of pressure impulse, the time integral of the pressure, determine how much and how fast the liquid can be ejected out. The kinetic energy obtained from the ejection process must overcome the surface energy to ensure successful detachment [20]. At the moment of detachment, the ejected liquid thread always adopts a shape similar to tadpoles. The momentum of the liquid at the bolus head drags the connecting area and consequently results in the thinning and forming of the tail. The first pinch-off of the tail marking the detachment usually happens close to the orifice. The pinching-off point separates the liquid out of the orifice into two parts. One part is the free liquid thread continuously flying forward, and the other part is the meniscus pinned at the edge of the orifice, which will undergo several withdrawal–extrusion periods due to the residual pressure oscillations within the chamber before being sucked back into the chamber.



After detachment, the evolution of the free liquid thread is mainly governed by the capillary force and Bernoulli force. The formation of the first satellite droplet is declared by the second pinch-off, the second satellite by the third pinch-off, and so on. The following factors, including the length–diameter ratio of the tail/thread, initial velocity distribution within it, surface tension, the viscosity of the liquid and solute in the liquid (surfactant, particles polymers, etc.), have a bearing on the pinch-off behaviors, in addition to the size, amount, velocity, and destination (recollected by the main drop or drift away) of the satellite droplets, as well as the size velocity of the main drop.



The typical radius of the main drops is similar to the radius of the orifice, whereas the typical radius (volume) of the satellites droplets is about 0.5~1 orders of magnitude (2~5) orders of magnitude) smaller than the radius (volume) of the main drops. Besides the size difference, a velocity difference exists between the main drop and the satellite droplets. In the case of several satellite droplets, the size and velocity of each satellite are also different, even if they are pinched off from the same tail. Bigger satellite droplets are typically formed at the root of the tail, whereas smaller satellites are formed at the end of the tail. The larger satellite droplets usually have a higher velocity than the main drop and can catch up and merge again with the main drop before hitting the printed surface. However, smaller satellite droplets with lower momentum are more likely to be blown away from the ejection axis by the lateral airflow and blur the printing patterns or suspend in the air as the aerosol after solvent evaporation; thus, contaminating the printer and the working environment.



Obviously, satellite droplets are unwelcome in the inkjet printing community since they potentially blur the printing patterns and pollute the printer. Almost from the invention of inkjet printing, efforts were made to avoid the formation of satellites and eliminate the adverse impact of satellites. In the review, we first review the formation mechanisms of satellite droplets, then the current methods adopted to avoid/suppress the formation of satellite, and finally, the methods developed to utilize the satellite droplets to achieve higher printing resolution than the resolution achieved by utilizing the main drops.




2. Formation Mechanisms of Satellite Droplets


2.1. Dimension Analysis of the Inkjet Printing


Satellite droplets are determined by the ink’s physical properties and the ejection parameters, such as ejection speed and size of the orifice. Typically, three dimensionless numbers, Reynolds, Weber, and Ohnesorge numbers, are adapted to characterize the behavior of the ejected liquid drops [20].



The Reynolds number is expressed as:


  R e = v ρ a / μ ,  



(1)




where v is the characteristic velocity, a is the characteristic length,  ρ  and     μ   are the density and dynamic viscosity of the ink.



The Weber number is expressed as:


  W e =  v 2  ρ a / σ ,  



(2)




where  σ  is the surface tension of the ink.



The Ohnesorge number is expressed as:


  O h =   W e   / R e = μ /   σ ρ a   .  



(3)







To ensure a successful ejection, the drop must be endowed with sufficient energy to overcome the surface energy of the ink at the orifice, which can be estimated from the surface area of the ejection liquid and the surface tension. Drops cannot be ejected below a threshold ejection velocity given by Duineveld et al. [20] and Kang et al. [21]:


   v  min   =  4 σ  /  ρ  d  n    ,  



(4)




where    d n    is the nozzle diameter.



Substitute this into the equation for calculating the Weber number, and one can get the minimum Weber number for the drops’ ejection:


  W  e  min   =  v  min     2  ρ a / σ = 4 .  



(5)







However, if the momentum of the droplet is too large, the droplet striking the substrate will splash. An investigation carried out by Stow and Hadfield [22] reported the following equation for calculating this threshold:


  W  e   1 2    R  e   1 2    > f  ( R )  ,  



(6)




where     f  ( R )    is a function of surface roughness only [23].



Based on the above equation, a phase diagram in parameter space with coordinates Re and We was constructed by Derby [24,25], as shown in Figure 1a. The blue cyan dash line on the top right of Figure 1a is the threshold of splashing when drops impact the substrate. McKinley and Renardy [26] redrawn this critical phase diagram by replacing We with Oh, as shown in Figure 1b.



The Ohnesorge number is the ratio of the Weber and Reynolds number. It is related to the property of the ink and the radius of the orifice, which is treated as the characteristic length for calculating the Ohnesorge number. The inverse of the Ohnesorge number, Z, defined as 1/Oh, is used more commonly for characterizing the drop ejection. At a low value of Z, viscous dissipation prevents drop ejection, whereas at a high value, the main drop is accompanied by a large number of satellite droplets. Reis & Derby [24,27] proposed the following range, 10 > Z > 1, for stable drop formation based on their numerical simulation of drop formation, as shown in Figure 1a. The value of Z lower than 0.67 could substantially contribute to viscous dissipation, finally preventing droplet ejection [24]. Tai et al. [28] reported that the value of Z should be 0.67 < Z < 50 for stably generating droplets, and the value of Z higher than 50 could result in the formation of satellite droplets due to the breakup of the thread trailing the main droplet. Other researchers [29,30] also reported different values for stable ejection.



The two diagrams show that the formation of satellite droplets occurs in the case of the larger Re and minor Oh, corresponding to higher ejection speed v and lower ink viscosity  μ . The generation of satellite droplets is a complex process, and the precise physics and fluid mechanics of this process are still the subjects of much research.




2.2. Satellite Formation during DOD Inkjet Printing


The main stages of DOD drop formation include the following sequences: ejection and stretching of liquid, pinch-off of liquid thread from the nozzle exit, contraction of liquid thread, the breakup of liquid thread into the main drop in one or several satellites, and the recombination of main drop and satellites if satellites exist and have a velocity higher than the main drop, as shown in Figure 2a, b. There are also cases where the liquid thread can escape breakup and retract into only one drop, as shown in Figure 2c.



The liquid droplets are ejected from the orifice by the pressure pulse in the chamber, which is produced in response to a digital signal or waveform applied to the piezo actuator. The pressure within the chamber should be large enough to overcome the surface tension, viscous force, and inertia force of the ink for effective ejection [32].



At the early ejection stage, the meniscus is accelerated to a maximum velocity by the pressure inside the orifice. A liquid column with a diameter similar to the orifice is formed during this stage [31]. The acceleration stops once the pressure in the chamber falls below a critical value [32], then the stretching and thinning process takes place due to the inertia of the ejected inks. Further decrement of the pressure in the chamber will lead to the suction of liquid from the thread back into the nozzle [30]. Still, the surface area continues to increase until a maximum surface area is reached when the liquid thread pinches off from the nozzle exit, declaring the finish of the detachment. After that, the volume of the free liquid thread remains constant, but the surface area decreases toward a minimum value. Satellite droplets are formed due to the free liquid thread’s second, third, and fourth breakups. Obviously, the shape of the thread, especially the length and diameter, has a critical influence on the size and number of the satellite droplets. The breakup of the thread is similar to the liquid column’s breakup during the continuous ejection process since they have a similar slender shape. The breakup of the thread is governed by the surface tension, viscosity, and inertia of the ink.



For a nearly inviscid liquid,   O h ≪ 1  , the influence of viscosity can be neglected. The minimal radius Rmin(t) approaches zero, complying with the following famous equation:


   R  min    ( t )  ~    (  σ / ρ  )    1 / 3    τ  2 / 3   ,  



(7)




where  τ  is the time remaining until pinch-off, and the prefactor is about 0.7 [33].



For viscous liquid,   O h > 1  , the influence of viscosity cannot be neglected. The minimal radius Rmin(t) approaches zero as:


   R  min    ( t )  ~  (  σ / μ  )  τ ,  



(8)




with a prefactor of about 0.071 [34].



These two scaling laws for the final phase of the pinch-off are confirmed in various experiments and numerical simulations [35,36].



For the inviscid and incompressible fluid, the shape evolution of the free liquid thread is governed by the unsteady Bernoulli equation:


  ρ  (    ∂ ∅   ∂ t   +  1 2     |  ∇ ∅  |   2   )  + σ κ = 0  



(9)




where  ∅  is the velocity potential,  κ  is the curvature [37,38]. This equation can be numerically solved by using a boundary-element method [37,39,40], and the results indicate a self-similar shape at the pinch-off region [37,41,42], which always adopts a unique shape with two cones of angles 18.1° and 112.8°, independent of the initial conditions, as shown in Figure 3a [37,43]. This finding is of great significance for understanding the formation mechanisms of satellite droplets since most of the inks are nearly inviscid. Take the second pinch-off as an example: the satellite is formed at the side with a cone angle of 18.1°, and the main drops at the side with a cone angle of 112.8°. Further pinching of the thread (if long enough) also complies with this discipline: smaller satellite droplets forming at the side with a cone angle of 18.1° and a larger one forming at the side with cone angles of 112.8°, as shown in Figure 3b.



For the relatively viscous threads, the pinching off is more complex. There are no constant angles at the pinch-off region, distinguishing it from the inviscid pinch-off. The viscosity of the ink significantly affects the shape of the thread. Typically, the thread of viscous ink is much longer than the thread of lower viscosity. A recent investigation carried out by Fraters et al. [44] showed that besides the main tail attached to the main drop, the formation of a secondary tail also might occur. During inkjet printing, the secondary tail might further cascade into tertiary and quaternary tails and consequently results in the formation of satellites with a broad and tousy size distribution, as shown in Figure 4. This phenomenon was also observed by many other researchers [45,46].





3. Satellite Droplets Elimination Strategies


3.1. Recollected by the Main Droplets or by Adjacent Satellite


Satellite droplets are formed due to the breakup of the tail, which has the same flying direction as the main droplets since they are ejected from the same nozzle. Therefore, without any lateral force, the satellite droplets should have the same trajectory as the main droplet and finally collide and merge with the main droplet, either before or after the main droplet settles on the targeted surface. This phenomenon has been confirmed both experimentally and numerically by Bos et al. [17] and other researchers [31].



There are many different cases of how satellites can be eliminated. The most common scenario is that satellites catch up and recombine with the main drop. The satellites must have a higher velocity than the main drop to ensure recombination. This velocity difference is due to the retraction of the thread during the pinch-off process. However, there are also cases where the satellites merge with the following larger satellite [31]. This phenomenon occurs typically in the case of multiple satellites due to the breakup of relatively long threads with low viscosity. In the case of multiple breakups, multiple satellites with a wide size and velocity distribution will be pinched off because of the emergence of second, third, and even fourth threads. The velocity of satellites is determined by the direction of the thread and how much recoil impulse it can get during the recoil process. According to Dijksman [47], the drag force exerted by the surrounding gaseous also significantly influences the velocity of the satellites. Smaller satellites encounter more significant deceleration in the air than larger ones. This might result in tiny drops merging with the following larger satellite [31].



The tiny satellite droplets will fail recombination with the main drops or adjacent satellites if they experience lateral air drag force and drift away from the jetting axis [48]. This always occurs during the fast-printing process since the fast relative movement between the printed surface and the nozzle will form lateral airflow. Besides the interference of lateral airflow, the nonaxisymmetric during the ejection process is another factor that will result in velocity deviation between the main droplet and the satellite droplet. If the hydrophilicity of the surface of orifices is not axisymmetric, the axis of the tail will lose axial symmetry during the ejection process. This will also result in a trajectory offset between the satellite and the main droplets.



Actually, this method just utilizes the scenario that the satellite and the main droplets have the same trajectory to recollect the satellite. It does not take any active actions to suppress the formation of the satellite. Therefore, it can be regarded as a passive satellite elimination method.




3.2. Tuning of the Pressure Pulse in the Chamber (Waveform Applied on the Piezo)


Besides the above passive satellite elimination method, some active methods can also suppress the satellite’s formation during the ejection process. Since the satellite droplets are formed due to the breakup of the tail after the main droplets governed by the Rayleigh-Plateau instability, the shape and velocity distribution of the tail after detachment should be the dominant factor determining the size, velocity, and the number of the satellite droplets.



The evolution of the liquid thread is related to the length of the liquid thread at pinch-off, which generally increases with increasing pressure pulse. For longer liquid threads, a wave-like instability occurs along the thread and results in the formation of several satellites of varying sizes; for the shorter threads, only one satellite is formed due to the end-pinching; and for the even shorter threads, it will contract into a single drop without breaking up after being ejected from the nozzle. Thus, one strategy for suppressing the satellite droplets is to minimize the tail’s length-diameter ratio, which could be realized by adjusting the driving signals [49]. A more effective way to do this is to tune the pressure pulse in the chamber, which is widely adopted by the piezoelectric inkjet technique. The pressure wave is determined by the deformation rate and magnitude of the piezoelectric transducer. Therefore, pressure in the chamber is adjustable by applying different driven signals to the piezoelectric transducer.



Based on the above strategies, Chen and Basaran developed a new method for significantly reducing drop radius without reducing nozzle radius in drop-on-demand drop production [50]. By regulating the driving signal, negative pressure can be actively generated to retract the thread before the typical negative pressure wave is reflected from the open end [51]. Dong et al. [31] found that a well-designed waveform can initiate an abrupt pinch-off of the liquid thread from the nozzle exit and generate a short tail after the main droplets, finally contracting into only one drop. There exists a threshold length of the liquid thread at pinch-off, below which the thread will contract into a single drop without generating any satellite. This phenomenon is also noticed by other researchers [43,48,50]. For different inks, the threshold of the liquid thread length is different. Typically, the threshold increases as Oh increases [35,44].




3.3. Addition of Surfactants to the Ink


For most commercially available inks, their formula is very complex for better printing performance. Using surfactants is inevitable to adjust the printability of the ink. Many researchers have done with surfactants modulated inks [52,53,54,55,56,57,58]. However, most of them only focus on the influence of surfactant on the post-printing process, for instance, the evaporation and coffee rings [54,55,56,57,58,59], instead of the satellite formation process.



During the ejection process, the area of the liquid-gas interface of the meniscus undergoes a sharp increment. Apparently, the transient adsorption and distribution of surfactant molecules on the interface will affect the dynamic surface tension of the dynamic jet and its breakup process. To clarify the influence of surfactants, it is essential to determine the dynamic surface tension of the ejected jet and the thread during pinching. Although several methods [60,61,62,63,64] have been developed to measure the dynamic surface tension at liquid–liquid or liquid–gas interfaces, most of these methods are unsuitable for determining the micron thread’s dynamic surface tension, which pinches in the time scale of microseconds or even nanoseconds.



In the inkjet-printing community, the use of surfactants is more empirically than scientifically [65]. Some researchers indicate that adding surfactant into the ink will increase the risk of unfavorable inkjet droplet formation, such as satellite droplets, whereas others assert that the presence of surfactant can lead to escape from end pinching [66]. Yang and Bain [67] investigated the influence of surfactants on the breakup of a continuous ejected jet. They found that the final stage of ligament rupture is the same for pure water and surfactant solutions, and only the time taken by the satellite drop to be engulfed by the next drop was influenced by the surfactant concentration. The influence of surfactants on the breakup of liquid filament is complex and has not been clarified until now. Besides the concentration and type of the surfactant, it also depends on the viscosity of the ink [66,68].



Kamat et al. [65,68] investigated the influence of the surfactant on the pinch-off behavior of liquid threads with both low (Oh < 0.01) and high viscosity (Oh > 0.07). For the ink with low viscosity, their results [66] showed that end-pinching could be precluded in filaments with the presence of surfactants, as shown in Figure 5a–c. By the numerical methods, they concluded that the so-called escape from end-pinching is driven by the action of Marangoni stress originating from the non-uniform distribution of the surfactant along the surface of the about-to-pinching thread. For the viscous fluid, the presence of surfactant also will lead to Marangoni stresses. They found that the Marangoni stresses acting near but not at the pinch point give rise to the formation of multiple micro threads, as shown in Figure 5d–f, which is different from the pinch-off of surfactant-free threads [68]. Their research [66,68] might guide the use of surfactants to eliminate the satellite droplets. However, the thread investigated by Kamat et al. [66,68] is formed due to the drop dripping or jet processes from a millimeter-sized orifice, which is much larger than the jet, and the drop size formed during inkjet printing. Furthermore, the stretching rate of the thread is much lower than that of inkjet printing. Recently, Fraters et al. [44] and Bos et al. [17] investigated the formation and breakup of thread tail in inkjet printing with relatively higher viscosity. They found that the micron thread also will cascade into higher-order tails without surfactant, similar to the observation of Kamat et al. [68] with surfactant. The breakup of higher-order tails whose diameter can be sub-micron will lead to the formation of femtoliter droplets, a pollution source for the inkjet printer.




3.4. Addition of Polymer to the Ink


Besides surfactant, the polymer is another kind of additive. It has long been demonstrated by many researchers [69,70,71,72,73,74,75,76] that the addition of long-chain macromolecules, even at low concentrations, can dramatically affect the breakup of liquid jets. The addition of polymers will give the ink some viscoelasticity and transform the ink from Newtonian fluids to non-Newtonian fluids [75,77], which normally exhibit complex behavior, such as shear thinning or strain hardening either in shear-dominated or extension-dominated flows, or both. Many researchers have demonstrated that the viscoelasticity of the ink could reduce the formation of satellites. However, the concentration of the polymers must be restricted to ensure printability. A small amount of polymer will turn the Newtonian fluid into the low viscosity elastic liquids [75], which can effectively suppress the satellite droplet formation during ejection (see Figure 6a,b). Excess polymer concentrations will lead to the formation of an extremely long filament, as shown in Figure 6c, which will result in the main drops failing to detach and can even be drawn back towards the nozzle [69,70,78].



Besides the polymers’ concentration, molecular weight is another crucial factor determining the “jettability printability” threshold [72,74]. It had been confirmed by Hoath et al. [79] that the threshold concentration for jetting varies with molecular weight.



Bazilevskii et al. [70] studied the breakup of jets of viscoelastic fluids in DOD inkjet printing. They found that the polymers can prevent the formation of satellite drops at low concentrations. In 2012, Hoath et al. reported another strategy for suppressing the satellite droplets by using a shear-thinning aqueous solution of PEDOT:PSS [80]. This solution exhibits low viscosity within the printing nozzle over a wide range of jet speeds and rapidly recovers a higher viscosity once the jet has formed, preventing satellite formation. The typical morphology of the drops containing polymer during the ejection process is shown in Figure 6c. The mechanism of satellite suppression by polymers is that the elasticity of the solution will cause the fluid in the thread retracts into either the primary drop of the nozzle rather than breaking into satellite droplets [74,80,81,82,83]. The diagram shown in Figure 1 no longer applies to the polymer’s added inks since it does not consider the viscoelasticity of the ink.




3.5. Adoption of Super-Ink-Phobic Nozzles Plate


Normally, an ink film of about 10 nm will be formed on the nozzle plate during the printing process [52] (de Jong et al., 2007) due to the ink-philic nature of the nozzle plate. Although extremely thin, this film is unwelcome since dirt particles can be transported on it toward the nozzle, resulting in the non-axisymmetrical ejection. A recent investigation carried out by Yang et al. [29] showed that the nozzle plate’s ink-philic nature also contributes to the formation of the satellite droplets. The superhydrophobic nozzle can accelerate the pinch-off of the droplet from the nozzle by enhancing the Rayleigh–Plateau instability of filament at the breakpoint, as shown in Figure 7. Therefore, this feature results in a short ligament whose length is too short to pinch off satellite droplets [31]. This technique enables printing a wide range of inks (1 < Z < 38) without satellites. The superhydrophobic nozzle will decrease the size of the droplets ejected. This strategy is similar to dispensing small droplets by superhydrophobic needle nozzles [84] since less contact area between the thread and nozzle can significantly reduce the adhesion force.





4. Satellite Droplets Utilizing Strategies


4.1. Satellite Droplets Printing


The recollection of satellites by the main droplets can also be regarded as one method for utilizing the satellites. This has been extensively investigated in the field of both DOD inkjet and CIJ [85]. Exclusively utilizing satellite droplets for printing was recently developed by Zhang et al. [86], named satellite droplets printing (SDP). As illustrated in Figure 8, a metal rod with a similar diameter is mounted opposite the orifice at a distance comparable to the orifice diameter. Instead of ejecting the liquid out to form free droplets, a much lower voltage is applied to the micro piezo to generate a meniscus connecting the orifice and the oppositely arranged rod. The breakup of the meniscus will generate a satellite droplet and is carried by a gas stream to the printing substrate. This strategy can achieve extremely high printing resolution using the femtoliter volume satellite, which is otherwise impossible for traditional inkjet printing.



In 2018, Zhang et al. proposed another satellite utilizing a strategy based on a double-orifice technique [87]. Satellite is generated by controlling the breakup of the meniscus formed between the two oppositely arranged orifices, as shown in Figure 9. Then, the pinched-off satellite droplets were directed to the substrate by applying an electric field between the orifices and the substrate. This technique is similar to the SDP technique they previously proposed in the aspect of satellite generation mechanisms. The main difference is that the double-orifice dispenser can work in liquid environments. Technically, this double-orifice technique cannot regard as a printing technique since it can only work at a frequency below 1 Hz. It would be more appropriate to classify it into the dispensing technique.




4.2. Daughter Droplets Printing (Inkjet Printing in the Liquid Environment)


Usually, the inkjet printing technique can only work in a gaseous environment. In 2016 Zhang et al. demonstrated that it also could work in a liquid environment which is immiscible with the ink in the nozzle, but with a different droplet dispensing and manipulating mechanism [88]. Traditional inkjet printing generates the drops by squeezing the liquid out of a small orifice similar to the drops. Zhang et al. reported that instead of squeezing the liquid out, small daughter droplets could also be dispensed advantageously from large orifices by draining the liquid out of a drop suspended from a nozzle [88] as shown in Figure 10. In this work, the extrusion and retraction of the liquid were realized by a small syringe, which cannot work at a frequency for realized printing.



In 2018, Zhang et al. [89] introduced the traditional piezo inkjet nozzle into a liquid environment and found it also can work with the same droplet generation mechanisms but much higher firing frequency (comparative to the firing frequency in the air). In this case, a relatively low driven voltage was applied to the piezo to ensure the oscillation of the pendent drops at the orifice. After dispensing, the daughter droplet was almost stagnant due to the inertia and viscosity of the carrier liquid. This is another difference with the drop ejection process in the air, during which the drop can get enough momentum to travel to the substrate. Therefore, additional actions must be taken to guide the stagnant droplet to the substrate. It can be an electric field [87,89] or a local flow field generated by the confined interface vibration [90,91]. Zhang et al. [89] demonstrated that the volume of the daughter droplets printed in a carrier liquid could be thousands of times smaller than those printed in the air using the same piezoelectric nozzle, opening possibilities for novel applications of the IJP technique.



It should be noted that although the daughter droplet dispensed by retracting the liquid out of the pendent is dropped into a liquid environment, it is several times smaller than the orifice. According to the definition of the satellite droplets, it cannot be classified into the satellite droplets family because there is no other droplet larger than it. Sometimes, the pinching of the neck might generate droplets much smaller than it. So, it was named daughter droplets, and the pendant drop was named the mother drop by Zhang et al. [88]. This naming scheme referred to the work of the researchers [9,10,11] who investigated the partial coalescence of drops at a liquid surface or interface; the drop initially settled on the surface or interface is named as mother drop, and the smaller pinched-off droplet is named as daughter droplets. At times, however, the smaller droplets pinched due to the partial coalescence of drops at the liquid surface or interface. These drops were also named satellite droplets by other researchers [3]. There are confusing definitions to explain satellite droplets and daughter droplets. Therefore, the utilization of daughter droplets was also included in this review.





5. Conclusions and Outlooks


Satellite droplets are the byproducts of drop ejection. Since the invention of the inkjet technique, numerous efforts have been made to eliminate or suppress the formation of satellite droplets, including recollection by the main drops, adjusting the waveform, addition of surfactant and polymers, and adoption of an ink-phobic nozzle plate. Satellite droplets can be effectively suppressed or eliminated by those strategies. However, the pinch-off and contraction mechanisms of inviscid, viscous, surfactant, and polymer-laden micron liquid thread still need to be thoroughly clarified for a deeper understanding of the satellite droplets formation mechanisms. The past 40 years have witnessed the inkjet printing technique’s born and fast development. Thanks to the MEMS technique, thousands of orifices can be integrated on a nozzle plate, and the droplet jetting frequency doubles every two years, following Moore’s law [92]. However, the size of the droplets does not see significant decrements within the past four decades. For the traditional inkjet, it is still impossible to print submicron features. The invention of satellite and daughter droplets printing might provide an effective way to significantly reduce the size of the droplets and improve the printing resolutions without reducing the orifice size. However, the satellite droplet printing (SDP) technique or daughter droplet printing is still at its early stage of development. Currently, they can only work with a single orifice nozzle. How to design and develop integrated nozzles for the SDP technique still faces many technical challenges. Efforts must be made to suppress or utilize the satellite droplets in the future.
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Figure 1. The operating regimes of inkjet printing in the control parameter space of (a) Weber number We versus Reynolds number Re, and (b) Ohnesorge number Oh versus Reynolds number Re. Reproduced with permission from References [25,30]. 
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Figure 2. (a) Typical ink ejection, satellite formation, and recollection process (b) longer liquid thread will lead to the formation of multi-satellite droplets with a wide range of size and velocity; (c) retraction of the thread into one drop without breakup. Reproduced with permission from References [17,31]. 






Figure 2. (a) Typical ink ejection, satellite formation, and recollection process (b) longer liquid thread will lead to the formation of multi-satellite droplets with a wide range of size and velocity; (c) retraction of the thread into one drop without breakup. Reproduced with permission from References [17,31].



[image: Processes 10 00932 g002]







[image: Processes 10 00932 g003 550] 





Figure 3. (a) The pinch-off shapes at various times collapse onto two cones when rescaled with minimum radius Rmin(t) and centered on zmin(t). (b) Imaging of the pinch-off region for a dripping water droplet shows a conge angle of about 16.9° (upper) and 17.9° (lower). Reproduced with permission from References [37,43]. 
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Figure 4. (a) Secondary tail formation during the ejection of viscous inks; (b) appearance of tertiary tails. Reproduced with permission from Reference [44]. 
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Figure 5. (a–c) An experiment carried out by Kamat et al. showed that end-pinching could be precluded in nearly inviscid filaments with the presence of surfactants by breaking up the process of the viscous glycerol-water thread (d) without and (e) with surfactant; (f) breakup shapes of glycerol-water thread loaded with sodium dodecyl sulfate (SDS) (concentration = 1.5 cmc) as a function of Oh. Reproduced with permission from References [66,68]. 
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Figure 6. (a) Image sequence of drop formation for 50% glycerol/50% water created by a 50 V pulse with 79 µs between each frame. (b) Image sequence of drop formation for a non-Newtonian solution (50 ppm of 300 k PEO in glycerol/water) created by a 50 V pulse amplitude with 79 µs between frames. (c) A too-high polymer concentration leads to the formation of extremely long ligaments; The vertical scale bar (right) is 1 mm long. Reproduced with permission from References [75,79]. 
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Figure 7. Mechanical analysis for the drop pinch-off and the corresponding experimental result for the superhydrophobic, hydrophobic, and hydrophilic nozzles and the superhydrophobic nozzle with high adhesion. Reproduced with permission from Reference [29]. 
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Figure 8. Illustration of satellite droplet printing. (a) Schematic setup; (b–e) images taken during printing with different settings; (f) drops printed on the glass. Reproduced with permission from Reference [86]. 
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Figure 9. Utilization of satellite droplets in a liquid environment by the double-orifice technique. (a–c) The double-orifice dispensers with different radii Ro; (d–i) electrical manipulation of the microdroplets after dispensing, with an initial volume of the meniscus of 833 nL, a drainage rate of approximately 16.7 L/s, and a voltage applied between the dispenser and the substrate of 300 V; (j) patterns of the suspension droplets, where the emulsion used was the same as that in Figure 2e; (k) water droplet patterns. Reproduced with permission from Reference [87]. 
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Figure 10. Daughter droplet formation due to draining the liquid out of a drop suspended from a nozzle. Three regimes of droplet formation exist corresponding to the drainage rate Q. Droplet formation at various (a) Q = 7.2 nL s−1 (regime A, one main droplet), (b) Q = 2.46 nL s−1 (regime B, multiple droplets of similar sizes) and (c) Q = 1.96 nL s−1 (regime C, no droplet formation). Scale bar, 50 μm. Reproduced with permission from Reference [88]. 
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