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Abstract

On the cusp of a miniaturized device era, a number of promising methods have

been developed to attain large-scale assemblies of micro- and nanoparticles. In

this study, a novel method is proposed to firmly capture dispersed micropar-

ticles of nominal sizes of 10 µm on a two-dimensional array (1.0 × 1.0 mm2)

of through-pores on a surface. This is obtained by dispensing a droplet of the

particle dispersion on the pores, which drains by applying a vacuum-driven

force at the backside of the pores. The assembled particles are captured on

the surface in a reversible way, making them available for direct manipulation

and inspection, or subsequent transfer of the particles to a second surface. The

relevant process parameters dispersant concentration, dispersant type, particle

properties, and pitch distance d, are optimized to obtain (near-)perfect ordered

particle arrays. Furthermore, to significantly improve the quality of the particle

assembly, washing steps are added to remove excess particles from the surface.

Silica or polystyrene (PS) particle assemblies with an error ratio (ER) as low as

0.2% are obtained, demonstrating the universality of the proposed method. For

the smallest pitch, d = 1.25 µm, even with optimal process parameters, higher

ER-values (= 1.1%) are obtained.
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1. Introduction

The construction of functional structures and devices accomplished by posi-

tioning spherical microparticles in large ordered two-dimensional (2D) arrange-

ments has attracted much interest in the scientific community [1] and has demon-

strated its potential as a platform for the development of applications in nu-5

merous fields, ranging from colloidal lithography to biomolecular assays[2–17].

A multitude of existing techniques uses physical boundaries, in the form of

wells, walls or confined microfluidic chips, as a strategy to trap particles or cells

onto a designed grid[7, 18–20]. However, these techniques limit the accessibility

of trapped particles or their potential manipulation or transferability. Some10

methods depend on particle specific-properties, for instance, applying an elec-

tromagnetic field for directed assembly of microparticles is restricted to the use

of polarizable particles[21–25].

Additionally, the ability to firmly secure the particles or cells in their ordered

positions when exerting external forces (e.g., a liquid flow), and to release them15

if needed (e.g., for transfer) in a controlled manner, is a prerequisite for broad

applicability and versatility. Koh et al.[26] have shown the benefit of transfer-

ability of particles as they developed a dry rubbing method to produce large

areas of ordered particles onto rigid patterned substrates, which can then be

transferred on a flexible rubber substrate. These large-area flexible substrates20

have been utilized as photomasks to produce various photoresist patterns. Py

et al.[27] have developed a grid of patch-clamp traps integrated inside a mi-

crofluidic chip, to trap neuronal cells onto specific position recreating neural

networks. This technique enabled them to study the effect of applied physic-

ochemical stimuli, such as a flow of dissolved drugs, on cells. However, if the25

patch-clamp system did not vigorously hold the cells in-place, the dynamic flow

would displace the cells and disturb the cellular network.
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In the present work, we propose a novel rapid, universal and scalable method

to assemble spherical microparticles on 2D micromachined arrays of membrane

pores. By applying a vacuum-driven force across a suction membrane perforated30

with an ordered array of through-pores, microparticles dispersed in a solvent

can be rapidly assembled and reversibly captured in ordered arrangements on a

(flat) surface. As the vacuum force can be controlled at all time, the assembled

microparticle array is readily available for subsequent manipulation, release and

transfer. The assembly technique has been demonstrated using different particle35

types and dispersants, making it suitable for a wide variety of microparticle

applications e.g., microlens arrays, flexible electronic devices, or potentially also

cell-based applications.

2. Experimental Section

2.1. Materials40

Experiments were performed with monodisperse hydrophilic silica (1.85 g

cm−3) particles with diameter (9.98 ± 0.31 µm) and hydrophobic polystyrene

particles (1.05 g cm−3) with diameter (9.98 ± 0.11 µm), both purchased in a

50 mg mL−1 aqueous dispersion from microParticles GmbH (Germany). The

mentioned standard deviation (SD) in particle size was specified by the supplier45

and taken for granted. The suction membranes were fabricated using a sequence

of different techniques used in developing MEMS devices (cf. fabrication details

for perforated membranes in SI). The pores of the micromachined membrane

were distributed over an area of 1.0 × 1.0 mm2 on the silicon chip with a size

of 14 × 14 mm2. The diameter of the membrane pore is 7.5 ± 0.2 µm. The SD50

in the pore sizes originates from the non-uniformity of the wafer-scale etching

process. The pore-to-pore distance, pitch d, was varied. The micromachined

pores are arranged on a hexagonal array. To change the chemical nature of

the surface of the silicon membranes, they were coated with a hydrophobic

CFx-layer (2≤x≤3)[28]. The CFx-coating was deposited on the membranes by55
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plasma polymerization of CHF3 confined in a reactive ion etcher (RIE) system

(25 sccm CHF3, 11W, 130 mTorr, 8 min., electrode temp. 20 °C)[29].

2.2. Setup and Operating Principle

In order to apply the vacuum-driven suction-force through the membrane

pores, a tailored setup was built Figure S4 in SI). Optomechanical parts were60

purchased from Thorlabs GmbH (Germany) to create the supporting structure

of the setup, while a vacuum chuck was designed in-house and outsourced for

production through 3D Hubs BV(The Netherlands). The vacuum chuck includes

a dual-channel design, providing one channel to hold the chip in place using

vacuum, and a separate channel allowing the control of the suction-force passing65

through the particle trapping pores. A set of two synthetic rubber Viton® o-

rings, with internal diameters 6.0 and 12.0 mm respectively and thickness of 1.0

mm, were purchased from ERIKS NV (Belgium), to assure a leakproof vacuum

seal between the chip and vacuum chuck.

3. Results and Discussion70

Figure 1 schematically represents the proposed method, using a suction

membrane chip that can be either placed in a horizontal (Figure 1a) or ver-

tical direction (Figure 1b). In both cases, a specified volume (ranging from

25.0 µL to 1.8 mL) of the particle dispersion is manually dispensed on the chip

using a micropipette. In the present study, the diameter of the droplets varied75

between 4 and 18 mm, corresponding to a width that is at least 3 up to 11 times

larger than the suction membrane’s diagonal.

In the horizontal mode, the droplets were deposited directly on top of a

1.0 × 1.0 mm2 membrane (cf. Figure 1a1). In the vertical mode, the droplets

were dispensed close to the top edge of the membrane, leading to the formation80

of a narrow stream of liquid flowing across the membrane (cf. Figure 1b1). The

width of the stream is approximately 1.1 mm, determined by the diameter of the

pipette tip opening. In the horizontal mode, the vacuum channel connected to
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Figure 1: Schematic representation of the experimental setup placed in (a) horizontal po-

sition and (b) vertical position. (1) A droplet of a particle dispersion with volume V and

concentration c is dispensed on the chip using a micropipette. Due to the applied vacuum

force, the droplet is sucked through the pores with particles assembling on the pores (2).

Potentially formed clusters in (2) are removed by dispensing a sufficiently large droplet (3)

of liquid dragging any excess particles off the chip.
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the pores was opened immediately after the deposition of a droplet (cf. Figure

1a1), whereas in the vertical position the vacuum was applied while the droplet85

was being dispensed (cf. Figure 1b1). As illustrated in Figures 1a2 & 1b2,

particles assemble on the pore orifices while the droplet is vanishing through

the pores, with a few excess particles remaining on the chip. Note that the

pore size is significantly smaller than the diameter of the smallest monodisperse

particles used in the experiments, preventing clogging of the pores. The typical90

timescale for the droplets to be completely or partially sucked into the pores

was 5 – 8 s, depending on the volume of the droplet.

The total number of particles occupying the membrane depends on the total

relative loading (TRL) of particles dispensed on the chip. The latter is deter-

mined by the the number of dispensed droplets N , and the concentration c of95

the dispersion. The TRL is then defined as TRL = N× RL1, where RL1 denotes

the relative loading of a single droplet (cf. Eq. 1).

To relate the number of particles present in a single dispensed droplet (N =

1) to the number of membrane pores, a relative loading RL1 is defined:

RL1 =
number of particles in the dispersion droplet

number of membrane pores on the chip
(1)

As the particles are held firmly in place, a flow of water or ethanol (1 mL)100

can be applied across the chip’s surface to wash away excess particles or dust

contaminants, while still applying the vacuum-force to the pores (Figures 1a3

& 1b3). If needed, the loading and washing step can be repeated to assemble

particles on the remaining open pores of the membrane.

To aim for a given RL1, the volume V of the dispensed droplets was adapted105

according to the concentration of the particle dispersion c. The dispersion is

continuously stirred to obtain a homogeneous distribution of particles. Droplets

are drawn from this stirred dispersion using a micropipette, allowing the control

of the RL1 value of the dispensed droplet.
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3.1. General observations and effect of total relative load, particle concentration110

and number of application steps

The first set of experiments was performed by dispensing single water droplets

containing silica particles (c = 0.005 mg mL−1, RL1
∼= 1.0) on chips with a

through-pore pattern with a pitch d = 35 µm (diameter through-pores = 7.5

± 0.2 µm). As can be observed in Figure 2 this leads to the formation of an115

ordered array of silica particles. The formed particle assembly is however not

perfect, neither in the horizontal nor the vertical mode. Figs. 2 and S3 (cf.

SI) show the occurrence of three distinct types of defects: particle clusters of

various sizes (blue-colored circles), empty pores (red-colored circles), and dust

contamination (green-colored circles). Some orifices inevitably draw more than120

one particle, due to the random distribution of the particles in the liquid. This

explains the formation of the clusters. Similarly, the uneven distribution of the

particles also leads to several pores remaining open after the entire droplet has

vanished.

Figure 2: SEM images of the assembled 10 µm silica particles on the orifices of membrane

pores on the CFx-coated chips placed in (a) the horizontal or (b) the vertical position. The

blue circles indicate particle clusters, the red circles indicate empty pores, and the green circles

indicate dust contamination. Conditions: silica particles dispersed in water with concentration

c = 0.005 mg mL−1, RL ∼= 1.0, membrane area 1.0 × 1.0 mm2 and pitch = 35 µm. Scale bar

= 200 µm.

To quantify the occurrence of these defects, the error ratio ER was defined125
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as:

ER =
number of empty pores + number of clusters

total number of membrane pores - dust blocked pores
(2)

In this definition, pores blocked by occasional dust particles are excluded, as

we consider the interference of dust particles as random, unpredictable contam-

inations which would be absent when working under 100% dust-free conditions.

As a matter of reference, the ER-values of the particle assembly displayed in130

Figure 2 correspond to ER = 3.8% vs. incl. dust ERdust = 4.1% (Figure 2a)

and ER= 1.9% vs. incl. dust ERdust = 2.7% (Figure 2b).

To investigate to what extent the particle concentration c affects the error

ratio ER, experiments were performed with single water droplets carrying dif-

ferent silica particle concentrations, keeping the same RL1
∼=1.0. The results135

presented in Figure S4 (cf. SI) highlight that depending on the operating mode,

the relative loading in conjunction with the dispersion concentration c affect the

error ratio, i.e., the quality of the assembled array of particles. To keep the RL1

constant, lower volume droplets are dispensed at higher concentrations. Con-

sequently, the local concentration of particles in the vicinity of the membrane140

pores is higher, i.e., the effective RL. Therefore, at higher concentrations the

formation of clusters is promoted, while in the most diluted case the number of

empty pores is more pronounced.

Altogether, these results (cf. Figs. 2 & S4) show that two major issues

should be addressed in order to improve the quality of the assembled particle145

arrays: avoiding the presence of clusters and decreasing the number of empty

pores. Intuitively, the formation and presence of clusters can be minimized by

avoiding high concentrations or high RLs combined (possibly combined with a

washing step after the loading step), while the number of empty pores could be

reduced by either dispensing droplets with RL1 > 1.0 on the chip or repeating150

the loading and washing sequence with droplets at low concentration and/or

with an RL1 < 1.0.

To investigate this in more detail, the TRL has been varied by changing the
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number of subsequent droplet additions N at two different concentrations (c =

0.0025 and 0.005 mg mL−1). Two distinct sets of experiments were performed:155

one using multiple droplets with a RL1 = 0.6 (N = 2, 3), the other using single

droplets of RL1 = 1.2. Notice that a single loading step of RL1 = 0.6 is pointless

as the TRL < 1.

Figure 3: Bar chart of the error ratio ER observed when depositing single water droplets with

different particle concentrations cand RL ∼= 1.0 on CFx-coated membranes with pitch d = 35

µm in either the horizontal or vertical mode (no washing step). The error bars of the ER

represent the standard deviation for n = 3. Each bar contains the fraction of particle clusters

(filled part of the bar) and empty pores (empty part of the bar).

Although showing large standard deviations, the results in Figure 3 show

that the quality of the assembly is not necessarily improved by supplying par-160

ticles in subsequent steps with RL1 = 0.6 (c = 0.005 mg mL−1), but may even

be deteriorated by these multiple sequences. This holds in the horizontal op-

erating mode both without and with washing step. Whereas the deteriorating

quality is obvious without washing step, it is less expected when a washing step

is added. On the other hand, in the vertical operating mode when c = 0.0025165

mg mL−1, the number of empty pores is significantly reduced in the TRL >
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1.0 case (cf. bars #7-9 in Figure 3d) with respect to the RL ∼= 1.0 case (cf.

bar #2 in Figure S2). Hence, the quality of the assembly in the former case is

considerably improved (ER = 2 − 4% vs. ER = 8%).

While the use of droplets with RL1 < 1.0 inevitably leads to a high number of170

empty pores, Figure 3a shows that, by adding multiple loading steps, the number

of empty pores is significantly decreased with each step cf. bars #5, 6 and 9

in Figure 3a) in the horizontal mode, while in the vertical mode significantly

more pores remain unoccupied (cf. bars #5, 6 and 9 in Figure 3b). The latter

can be explained by the gravitational flow of the droplets, which inevitably175

transports the particles away from the membrane pores, bringing them too far

away for the suction pores to become sufficiently attracted. Therefore, in the

most diluted case, even a TRL = 1.8 (N = 3) did not resolve the problem of the

large number of vacant pores in the vertical mode (cf. bar #9 in Fig. 3b2). This

result suggests that, when only a few pores are left open, the available suction180

force becomes too weak to capture the particles that are being transported

along the membrane by the induced flow. However, at higher concentrations

the volume of the droplets are smaller, such that fewer particles can escape the

applied suction force in the vertical mode, reducing the number of empty pores

(compare bars #7-9 in Fig. 3b2 vs. bars #2, 4, 6 in Fig. 3b2).185

On the other hand, the results also show that the fraction of clusters in the

vertical mode remains relatively low compared to the horizontal mode. The

reason for this is the fact that all particles are eventually attracted towards the

membrane in the horizontal mode. As a consequence of the random distribu-

tion of the particles in the dispersion, this inevitably leads to the formation190

of clusters. In addition, there is no flow that may remove the formed clusters

as is the case in the vertical mode. To take advantage of this observation, a

washing step was added after each loading step to remove the formed particle

clusters regardless of the operating mode. The ER-values in Figure 3 indeed

confirm that the addition of a washing step after each loading step substantially195

decreased the fraction of particle clusters on the membranes and the difference

between the ER obtained with the RL1 = 0.6 case and the RL1 = 1.2 case
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becomes insignificant.

A caveat should be added here: subsequent loading steps increase the chance

of dust particles blocking the pores, thus hindering the ordered array assembly200

of particles on the membrane. Therefore, single droplets with RL1 > 1 seem to

be more appropriate to obtain high quality assemblies than multiple additions

of RL1 < 1-droplets. The results in Figure 3 support our hypothesis that an

effective high RL around the membrane, depending on both concentration and

chosen RL, decreases the number of empty pores, but promotes the formation205

of particle clusters significantly. Therefore, the addition of a flow is imperative

to remove these formed clusters.

3.2. Effect of hydrophobic/hydrophilic nature of the surface

In addition to utilizing hydrophobic CFx-coated silicon chips, experiments

were also performed on non-coated silicon chips to test if the hydrophilicity210

of the surface affects the quality of the particle assembly. Figure 4 displays

the ER-data obtained after a single loading and washing sequence on the two

different chip surfaces. The results show that the average ER’s on the CFx-

coated chips are lower and more reproducible compared to what is obtained

with the hydrophilic non-coated silicon chips.215

In the horizontal mode, it seems that particles may have a higher tendency to

form clusters on the silicon membranes compared to their CFx-coated counter-

parts. This observation can be explained from studies published on the coffee-

ring effect (CRE). In the CRE, particles dispersed in sessile droplets are driven

by the capillary flow towards the contact line of evaporating droplets[30–32].220

At this contact line, the particles are deposited and form clusters. In our setup,

this capillary flow is eclipsed by the applied vacuum force. However, when

the droplet is near to its complete vanishing point, the CRE could become pro-

nounced on the non-coated silicon chip while the effect will always be less on the

CFx-coated chips. For it is well-known that hydrophobic surfaces may suppress225

the CRE due to a lower contact angle hysteresis[32, 33].

11



Figure 4: Bar chart of the error ratio ER observed when depositing single water droplets

comprising 10 µm silica particles with concentration c = 0.005 mg mL−1 and total RL = 1.2

deposited on CFx-coated or non-coated silicon chips in either horizontal or vertical position.

A washing step with 1mL of water was added after each loading step. The error bars represent

the standard deviation for n = 3 . Each bar contains the fraction of particle clusters (filled

part of the bar) and empty pores (empty part of the bar).
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In the vertical mode, a large fraction of pores remains empty on the non-

coated silicon chips. Owing to the hydrophilic nature of the silicon chip (contact

angle = 35°), the droplet wets a larger area around the membrane than is the

case for the CFx-coated chip (contact angle = 107°)[25, 29]. Hence, a larger230

number of particles is transported away from the membrane as the droplet

spreads, thus explaining the large fraction of unoccupied pores.

Considering both the wetting properties as well as the suppression of the

CRE, it can hence be concluded that higher quality of ordered particle array

assemblies can be obtained with the CFx-coated chips compared to the non-235

coated silicon chips.

3.3. Effect of the pore pitch

In many applications[1, 2, 9, 10, 14, 34], scientists and engineers strive to as-

semble particles in configurations with smaller pitches. Experiments comprising

of a single loading and washing steps have therefore been performed on mem-240

branes with a shorter pore-to-pore distance (= pitch d) ranging from 1.25–35

µm. For all pitch values, except d = 1.25 µm, the ER-values are consistent with

previous observations, with a large fraction of empty pores mostly observed in

the vertical mode, and larger fractions of clusters mainly in the horizontal mode

(cf. Fig. S5 in the SI). Significantly higher ER-values are obtained for the245

smallest pitch d = 1.25 µm with respect to other cases (ER = 25 ± 6% both in

the horizontal and vertical operating mode), with large clusters present on the

array of particles even after a single washing step (cf. inset Fig. S5 in the SI).

Thus, a single washing step was insufficient to remove all the formed particle

clusters.250

Subsequently, the effect of the pore pitch distance was investigated using

the most optimal conditions evolving from the preceding sections. I.e., all ex-

periments were performed with single water droplets comprising dispersed silica

particles with RL1 = 1.2 and c = 0.025 mg mL−1 on the CFx-coated chips.

This concentration allows the supply of lower volume droplets, which raises the255

effective RL near the pores. After the disappearance of the droplet, four con-

13



secutive washing steps were added to ensure that the majority of, if not all, the

clusters were removed.

Figure 5 displays the SEM images of the particle assemblies obtained for

varying pitch distances in the (a) horizontal or (b) vertical operating mode. For260

the cases (1-3), where the pitch d ≥ 12.5 µm, the obtained ER’s were < 0.34%,

with a perfect ordered particle assembly attained on the membrane with pitch

d = 35 µm placed in the horizontal mode.

Figs. 5a4 and 5b4 demonstrate that the application of four washing steps

removed the majority of the large clusters forming excess layers on top of the265

bottom layer, thus significantly improving the quality of the assembled particle

array in case of the minimal-pitch array (compare ER ≈ 1% in Figs. 5a4 &

b4 vs. ER = 25% in Fig. S5). The large clusters stem from the fact that the

high pore density inevitably leads to a situation where the probability of mul-

tiple particles hindering each other when approaching their destination pore is270

greatly increased. As illustrated with a blue circle on the inset of Fig. 5, this

leads to a situation wherein particles get more easily trapped between adjacent

pores. Due to their size (D = 10 µm > d = 1.25 µm), these trapped particles

inevitably partly block the adjacent pores such that other approaching particles

are unable to assemble on those pores. Therefore, these poorly positioned parti-275

cles leave the underlying pores open, which results in a persistent local suction

flow, consequently serving as a nucleation seed for the formation of massive

clusters (cf. inset Fig. S4). The quality of the particle assembly could in this

case (d = 1.25 µm) be further enhanced by sequentially adding more loading

steps to fill the unoccupied pores, provided enough washing steps are added to280

remove the large clusters.

Regarding the smallest pitch d = 1.25 µm, it is noteworthy that another

defect might occur during the assembly process. When a particle with diameter

≥ 12 µm would be captured, the neighbouring pores would be blocked from

capturing other particles, i.e., the neighbouring pores would remain empty. We285

have used highly monodisperse particles such that this effect can be neglected.

However, when employing a suspension of particles with a dispersity > 8%,

14



Figure 5: SEM images of the monolayer assemblies attained on membranes with varying

pitches: (1) 35 µm, (2) 23.75 µm, (3) 12.5 µm, and (4) 1.25 µm, placed in (a) the horizontal

or (b) the vertical mode. Single water droplets with RL = 1.2, c = 0.025 mg mL−1 were

deposited on the CFx-coated membranes. Four washing steps with 1mL water droplets were

performed after the loading step. The ER-values for the different cases are: (a1) = 0%, (a2)

= 0.34%; (b1) = 0.10%, (b2) = 0.19%; (c1) = 0.10%, (c2) = 0.04%; (d1) = 0.66%, (d2)

= 1.14%. The stripes visible in (b1) and (a2)are artifacts due to frequent cleaning of the

chips in the ultrasonic bath. They were found to have no effect on the assembly process.

White scalebar = 200 µm; green scalebar = 20 µm.
15



this should definitely be taken into account, as the probability for this effect

increases.

3.4. Effect of dispersant and particle properties290

While the preceding experiments were carried out with aqueous silica dis-

persions, particles are also often dispersed in solvents with a lower electrical

permittivity than water to reduce the van der Waals forces or, if applicable,

to reduce their hydrophobic-hydrophobic interactions.[35] To examine the uni-

versality of the proposed method, we therefore dispersed the hydrophilic silica295

or hydrophobic polystyrene (PS) particles in either ethanol or water. The ob-

tained results are presented in Figure 6. Note that, since the density of the PS

particles is lower than that of the silica particles, the droplets containing PS

particles are adapted to lower volumes (= 56% of the volumes taken for the

droplets containing silica particles) to keep RL constant.300

The results for the silica particles show that the quality of the assembly

obtained with ethanol after one cycle is inferior compared to that obtained with

water, especially in the vertical mode. These observations can be explained

by the fact that, owing to their lower contact angle, ethanol droplets disperse

more laterally and hence also wet the surface next to the membrane. This lateral305

dispersion transports the particles away from the membrane, resulting in a lower

effective RL, in turn leading to a substantially higher number of empty pores.

This holds for the horizontal mode, but is most prevalent in the vertical mode.

The results obtained with the PS particles dispersed in ethanol after one cycle

in the horizontal mode (cf. bar #7 in Figure 6a) support this hypothesis, as310

the effective loading near the membrane pores is significantly increased because

of the lower volume ethanol droplet in the PS case. As a result, the number

of vacant pores is substantially decreased. On the other hand, when the PS

particles are dispersed in water, more pores remain empty compared to the silica

particles after one sequence (compare bar #2 vs. #6 in Figure 6a). Presumably,315

the hydrophobic-hydrophobic interactions in water drives the formation of PS

particle clusters within the droplet/solution, resulting in a depletion of single

16



Figure 6: Bar chart of the error ratio ER when dispensing single water or ethanol droplets

comprising 10 µm (a&c) silica particles or (b&d) PS particles with concentration c = 0.005

mg mL−1 (RL = 1.4) on the non-coated silicon chips with pitch = 40 µm (silica particles) or

pitch = 35 µm (PS particles) placed in either (a-b) horizontal or (c-d) vertical position as a

function of the total number of cycles N . Washing steps were added (either water or ethanol)

after each loading step. In figure (b) the data for ethanol has been cut-off. The * represent

a value of ER = 45%, i.e. off the scale of the graph. The error bars represent the standard

deviation for n = 3. Each bar contains the fraction of particle clusters (filled part of the bar)

and empty pores (empty part of the bar). A SEM image of one of the assemblies obtained

with (e) silica particles in the vertical mode, and (f) PS particles in the horizontal mode,

after three steps. Scale bar = 200 µm.
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particles available to occupy the empty pores.

Another effect originates from the fact that ethanol is more volatile than

water. As the ethanol film evaporates much more rapidly, the time slot during320

which the vacuum force can attract the particles towards the membrane pores

is significantly reduced. Because of the rapidly evaporating ethanol film the

deposition of particles outside the membrane area may be promoted, which

results in another depletion of particles.

To reduce the substantial number of empty pores observed in the discussed325

ethanol droplet cases, a refill sequence comprising multiple loading and washings

steps was established for the two different dispersant and particle types. In the

horizontal mode, the quality of the silica particle assembly with ethanol droplets

is significantly improved after three cycles, whereas the quality attained with

the water droplets deteriorated (Figure 6a-b). The latter can be explained by330

the fact that, in this case, the majority of the pores is already occupied after

a single step. As a consequence, the formation of clusters is promoted when

subsequent steps are added. For the PS particles on the other hand, the quality

of the assembly is improved after three steps (e.g., Figure 6f), while the ER

obtained with ethanol shows a slight, but insignificant, increase (Figure 6b).335

In the vertical mode (Figure 6c-d), the quality of the assembly significantly

improved with increasing N for both the silica as well as the PS particles. The

results obtained for N = 3 for silica particles in water droplets in the vertical

mode (e.g., Figure 6e) show the importance of the induced flow as the fraction

of clusters is substantially decreased (Figure 6c). Thus, in this case (cf. bar340

#4 in Figure 6c), the quality of the assembly is almost perfect, confirming the

result shown in Figure 3c (cf. bar #6) within the error margin.

From the results in Figure 6a, it can be inferred that in the case of the sil-

ica particles a single loading step with water droplets (cf. bar #2) is sufficient

to obtain the same assembly quality compared to the three steps with ethanol345

droplets (cf. bar #3). However, in the case of the PS particles, a more perfect

assembly is obtained after a single cycle with ethanol than with water. Conse-

quently, water droplets are preferred for the assembly of silica particles, whereas
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ethanol is the preferred dispersant for the assembly of the PS particles.

3.5. Transfer of the assembled array of silica particles350

As the vacuum force can be switched off after the assembly process, the

array of assembled microparticles is readily available for subsequent transfer

on another substrate, provided that the substrate exerts a sufficiently strong

net adhesion force on the assembled array. In a previous study [29], we have

shown that silica particles can be transferred from a CFx-coated surface onto355

a PDMS (20:1 w/w) slab. Using a similar approach, we attempted to transfer

the assembled array of particles onto a PDMS sheet.

Figure 7: SEM image of a transferred array of 10 µm silica particles from a CFx-coated

membrane with a pitch of d = 45 µm onto a PDMS (20:1 w/w) sheet. The PDMS sheet has

been pressed manually on the assembled array of silica particles. Scale bar = 50 µm.

As can be observed from Fig. 7, particle transfer can indeed be realized

by manually pressing the PDMS sheet on the assembled array, maintaining

their initial position on the perforated device. Future research is required to360

investigate the most optimal conditions to transfer the particles on PDMS as

well as other polymer surfaces. The transfer of the assembled array of particles
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can be advantageous for soft/flexible electronic devices [10, 26].

4. Conclusion

In this study, a universal method is proposed to assemble an ordered array365

of microparticles on the surface of a micromachined grid of membrane pores.

Droplets containing either silica particles (9.98 ± 0.31 µm) or PS particles (9.98

± 0.11 µm) are dispensed on membranes connected to a vacuum pump. As the

applied vacuum force sucks the dispersant through the membrane, the particles

are captured on the array of pores. In general, the quality of the ordered array370

is impaired by three apparent defects: particle clusters, empty pores, or the

interference of dust contamination. Occurrence of dust particles is random and

will eventually be minimized in a dust-free working environment, therefore it

is neglected in the interest of this study. We have studied the effect of various

parameters on the quality of the obtained particle array with the proposed375

method.

The experiments were performed in a horizontal or vertical operating mode,

each with its own advantages and disadvantages. In the horizontal mode, the

number of vacant pores is minimized, but the formation of clusters is promoted,

while in the vertical mode, the gravitation force-induced flow removes the parti-380

cle clusters but transports particles away from the membranes, thus prompting

a higher fraction of empty pores.

For the particles dispersed in water, we have varied the concentration c, the

total relative loading TRL, and the wetting properties of the chips, amongst

others. Altogether these studies highlighted that a high effective RL near the385

pores is required to decrease the number of empty pores with the addition of a

crucial washing step to remove the particle clusters.

In addition, we have demonstrated that the proposed method is universal,

as ordered array particle assemblies were attained with silica as well as PS

particles dispersed in both ethanol or water, reporting promising ER’s as low390

as 0.3 ± 0.1% for silica and 0.2 ± 0.1% for PS particles (pitch d = 35 µm).
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A drawback of the proposed method was pointed out when experiments

were performed to assemble particles in a configuration with the smallest pitch

d = 1.25 µm. In this case, the quality of the particle assembly can be signifi-

cantly deteriorated, as particles can more easily compete for the same pore and395

some get trapped between adjacent pores, resulting in ER-values up to at least

25%. However, by using the optimal process parameters in conjunction with

the addition of multiple washing steps, the overall quality of the formed particle

array could be improved substantially leading to ER-values ≤ 1.14%.

Owing to the reversible nature of the applied vacuum force, the method po-400

tentially allows to manipulate, release, and subsequently transfer the assembled

microparticle array. This makes the proposed method attractive for applications

such as (soft-) electronic devices, cellular assays, sorting of (nonvolatile aerosol)

particles, colloidal lithography, and fabrication of microsieves. In addition, the

proposed method allows for the potential stamping of multiple assembled arrays405

onto another surface, which could be advantageous to manufacture microlens

arrays or photonic films. Furthermore, the assembled arrays could be stacked

to obtain three-dimensional functional materials.

In the present study, we solely studied the assembly of 10 µm particles

using the proposed method. In principle, the method can be relatively easily410

extended to smaller sized particles after adjusting the pore diameter of the

perforated device. However, it can be expected that, when going towards sub-

micrometer or nanoparticles, the interparticle forces, e.g., the van der Waals

forces, could dominate such that clusters of particles will already be formed

within the dispersion, reducing the quality of the assembled array of particles.415

The assembly of nanoparticles hence remains to be studied.

Finally, it should be remarked that depending on the application, a trade-off

exists between the diameter of the particle and optimal pore size. If the pore’s

orifice is too small, the particles and solvent will be insufficiently attracted to the

pores, resulting in an impaired array of assembled particles. A separate series420

of experiments found that these 10 µm monodisperse particles also assembled

on pores with a diameter down to 4 µm. Presumably, once the particles are
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trapped, the quality of the assembled array is not significantly affected. On the

other hand, a larger pore diameter induces a sufficiently strong force, preventing

undesired mobilization of the captured particles during subsequent manipula-425

tion or the crucial washing steps in the assembly process. In addition, for the

successful transfer of particles to another surface, as demonstrated here, the

pore diameter should not be too large. Moreover to prevent clogging, the pore’s

diameter should not exceed the diameter of the smallest particles. Considering

all these constraints, we performed the experiments presented in this study with430

membranes carrying pores with a diameter of 7.5 µm.
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1. Microfabrication of the membranes 

 
Figure S1 depicts the pivotal steps of the process flow of the membrane’s 

fabrication process. They are as follows: An oxide layer serving as a hard mask is 

grown on a p-type Si wafer by means of wet thermal oxidation at 1150 °C. The 

wafers are primed by spin coating (4000 rpm, 30 s) HexaMethylDiSilazane 

(HMDS), after which a positive photoresist (Olin OIR 906-12) is spin-coated 

(4000 rpm, 30 s) on the wafer. The photoresist layer is patterned using standard 

photolithography protocols, (a): the photoresist on the wafer is illuminated using 

a UV light source (350 - 450 nm) through a mask with the different geometrical 

designs of the membranes (EVG® 620 Mask Aligner). Hereafter, the resist is 

developed by placing the substrate for 60 s inside a beaker with the developer 

(OPD4262). The resist pattern is transferred to the silicon dioxide masking layer 

in (b) by directional reactive ion etching (RIE) (27 sccm CHF3, 3 sccm O2, 350 

W, 20 mTorr, 40 min., electrode temp. 20 °C). This is followed by the application 

of a Bosch® process to etch the pores of the membrane until they reach a depth of 

50 – 60 µm in Si (c). The Bosch® process continuously alternates between two 

modes: the deposition mode (120 sccm C4F8, 5 sccm SF6, 1150 W, 20 mTorr, 40 

min., electrode temp. 10 °C) and the etching mode (5 sccm C4F8, 360 sccm SF6, 

2500 W, 60 mTorr, 40 min., electrode temp. 10 °C). The process flow is followed 

by stripping the photoresist and etching the oxide mask with 50 wt.% hydrofluoric 

acid (HF) for 2 min to remove the oxide layer of the Si-wafer. To protect the 

structure of the membrane the first part of the process flow is repeated: the wafer 

is thermally oxidized all around, positive photoresist is spin-coated on the 

backside of the wafer and patterned with the already described photolithography 

process (d). The oxide masking layer is etched using the same RIE-recipe as 

before. Hereafter, a large cavity is etched in Si applying a Bosch® process on the 

backside of the wafer until the oxide layer is reached (e). Since the cavity is larger 

than the individual pores on the front side of the membrane, the settings of Bosch 

process are adjusted to a different deposition mode (200 sccm C4F8, 10 sccm SF6, 

2500 W, 90 mTorr, 40 min., electrode temp. 10 °C) and etching mode (10 sccm 

C4F8, 800 sccm SF6, 3500 W, 120 mTorr, electrode temp. 10 °C). Finally, the 

resist is stripped from the wafer, and the oxide mask is etched with 50 wt.% HF 

(f). 
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Figure S1: Schematic diagram highlighting the essential steps from the fabrication process of 

the micromachined membrane. 

 

2. Vacuum system 
 

 

Figure S2: Representation of the dual-channel vacuum system with a three-way valve used to 

hold the chip in place and generate a vacuum-driven suction flow through the membrane 

pores. Red arrows represents the direction of the air flow in the system. Owing to the dual-

channel vacuum system, the particles can be released, while the chip is firmly maintained in 

its position. 
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3. Initial experiment 
 

 
Figure S3: SEM images of the assembled 10 μm silica particles on the orifices of membrane 

pores on the CFx-coated chips placed in (a) the horizontal or (b) the vertical position. The 

blue circles indicate particle clusters, the red circles indicate empty pores, and the green 

circles indicate dust contamination. Conditions: silica particles dispersed in water with 

concentration c = 0.0025 mg mL-1, RL ≅ 1.0, membrane area 1.0 x 1.0 mm and pitch = 35 

µm. 

 

4. Experiment performed at various concentrations c 
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Figure S4: Bar chart of the error ratio ER observed when depositing single water droplets 

with different particle concentrations c and RL ≅1.0 on CFx-coated membranes with pitch   d 

= 35 µm in either the horizontal or vertical mode (no washing step). The error bars of the ER 

represent the standard deviation for n = 3. Each bar contains the fraction of particle clusters 

(filled part of the bar) and empty pores (empty part of the bar). 

 

5. Effect of the pitch distance: a single sequence 

 

Figure S5: Bar chart of the error ratio ER of the obtained particle assembly with varied 

pitches d on various CFx-coated membranes. The bars with a * represent an ER-value = 25 ± 
8%, i.e. off the scale of the graph. Conditions c = 0.005 mg mL−1, RL = 1.2, single loading 

and washing step. The inset shows the SEM image of particle assembly on a membrane with 

pitch d = 1.25 µm. The blue circled area shows that the 10 µm particles are trapped between 

adjacent pores, leading to the formation of large clusters on the membrane. Scale bar on SEM 

image (inset) = 50 µm. Each bar contains the fraction of particle clusters (filled part of the 

bar) and empty pores (empty part of the bar). 
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6. Water vs. ethanol 

 

Figure S6: A graphical representation of the static and dynamic nature of the horizontal (top) 

and vertical modes (bottom) respectively, as well as the effect of the choice of dispersant on 

the form and flow path of a dispensed droplet. Water droplets are displayed on the left side, 

and on the right side the case of ethanol droplets is displayed. 
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