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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 dis-
persed microparticles 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 ap-
plying 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 ob-
tained, 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.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The construction of functional structures and devices accomplished
by positioning spherical microparticles in large ordered two-
dimensional (2D) arrangements has attracted much interest in the sci-
entific community [1] and has demonstrated its potential as a platform
for the development of applications in numerous 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. Some methods depend on particle
specific-properties, for instance, applying an electromagnetic field for
directed assembly ofmicroparticles is restricted to the use of polarizable
particles [21–25].

Additionally, the ability to firmly secure the particles or cells in their
ordered positionswhen exerting external forces (e.g., a liquid flow), and
to release them if needed (e.g., for transfer) in a controlled manner, is a
, gedesmet@vub.be (G. Desmet)
prerequisite for broad applicability and versatility. Koh et al. [26] have
shown the benefit of transferability 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 substrates 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
microfluidic chip, to trap neuronal cells onto specific positions recreat-
ing neural networks. This technique enabled them to study the effect
of applied physicochemical stimuli, such as a flow of dissolved drugs,
on cells. However, if the patch-clamp system did not vigorously hold
the cells in-place, the dynamic flowwould displace the cells and disturb
the cellular network.

In the presentwork,we propose a novel rapid, universal and scalable
method to assemble spherical microparticles on 2D micromachined ar-
rays of membrane pores. By applying a vacuum-driven force across a
suction membrane perforated with an ordered array of through-pores,
microparticles dispersed in a solvent can be rapidly assembled and re-
versibly 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 differ-
ent particle 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.
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2. Experimental section

2.1. Materials

Experiments were performed with monodisperse hydrophilic silica
(1.85 g cm−3) particles with diameter (9.98± 0.31 μm) and hydropho-
bic 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 microParti-
cles GmbH (Germany). The mentioned standard deviation (SD) in par-
ticle size was specified by the supplier and taken for granted. The
suction membranes were fabricated using a sequence of different tech-
niques used in developingMEMS devices (cf. fabrication details for per-
forated 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 SD in the pore sizes originates from the non-uniformity
of the wafer-scale etching process. The particle-to-particle distance,
pitch d, was varied. The micromachined pores are arranged on a hexag-
onal 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-coatingwas deposited on themembranes by plasma poly-
merization of CHF3 confined in a reactive ion etcher (RIE) system (25
sccm CHF3, 11 W, 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 Fig. S4 in SI). Optome-
chanical parts were 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-
Fig. 1. Schematic representation of the experimental setup placed in (a) horizontal position a
aluminum chuck (light grey) through which a vacuum force is applied, draining the dispersa
concentration c is dispensed on the silicon chip (dark grey) using a micropipette. Due to the
on the pores (2). Potentially formed clusters in (2) are removed by dispensing a sufficiently la
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channel design, providing one channel to hold the chip in place using
vacuum, and a separate channel allowing the control of the suction-
force passing through the particle trapping pores. A set of two synthetic
rubber Viton®o-rings, with internal diameters 6.0 and 12.0mmrespec-
tively 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 discussion

Fig. 1 schematically represents the proposedmethod, using a suction
membrane chip that can be either placed in a horizontal (Fig. 1a) or ver-
tical direction (Fig. 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 varied 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. Fig. 1a1). In the vertical mode, the
droplets were dispensed close to the top edge of themembrane, leading
to the formation of a narrow stream of liquid flowing across the mem-
brane (cf. Fig. 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 vacuumchannel connected to the poreswas opened immedi-
ately after the deposition of a droplet (cf. Fig. 1a1), whereas in the ver-
tical position the vacuum was applied while the droplet was being
dispensed (cf. Fig. 1b1). As illustrated in Fig. 1a2 & 1b2, particles assem-
ble on the pore orificeswhile 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 monodis-
perse particles used in the experiments, preventing clogging of the
nd (b) vertical position. The perforated silicon chip with pores (dark grey) is fixed on an
nt from the surface of the chip. (1) A droplet of a particle dispersion with volume V and
applied vacuum force, the droplet is sucked through the pores with particles assembling
rge droplet (3) of liquid dragging any excess particles off the chip.
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pores. The typical 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 determined by the the number of dispensed droplets N, and
the concentration c of 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 drop-
let (N= 1) to the number of membrane pores, a relative loading RL1 is
defined:

RL1 ¼ number of particles in the dispersion droplet
number of membrane pores on the chip

ð1Þ

As the particles are held firmly in place, a flow of water or ethanol
(1mL) can be applied across the chip's surface towash away excess par-
ticles or dust contaminants, while still applying the vacuum-force to the
pores (Fig. 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
adapted according to the concentration of the particle dispersion c.
The dispersion is continuously stirred to obtain a homogeneous distri-
bution of particles. Droplets are drawn from this stirred dispersion
using a micropipette, allowing the control of the RL1 value of the dis-
pensed droplet.

3.1. General observations and effect of total relative load, particle concen-
tration 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 (di-
ameter through-pores = 7.5 ± 0.2 μm). As can be observed in Fig. 2
this leads to the formation of an ordered array of silica particles. The
formed particle assembly is however not perfect, neither in the horizon-
tal 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 contamina-
tion (green-colored circles). Some orifices inevitably draw more than
oneparticle, due to the randomdistribution of the particles in the liquid.
This explains the formation of the clusters. Similarly, the uneven distri-
bution of the particles also leads to several pores remaining open after
the entire droplet has vanished.
Fig. 2. SEM images of the assembled 10 μm silica particles on the orifices of membrane pores
circles indicate particle clusters, the red circles indicate empty pores, and the green circ
concentration c = 0.005 mg mL−1, RL1 ≃ 1.0, membrane area 1.0 × 1.0 mm2 and pitch = 35 μ
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To quantify the occurrence of these defects, the error ratio ER was
defined as:

ER ¼ number of empty poresþ number of clusters
total number of membrane pores‐dust blocked pores

ð2Þ

In this definition, pores blocked by occasional dust particles are ex-
cluded, as we consider the interference of dust particles as random, un-
predictable contaminations which would be absent when working
under 100% dust-free conditions. As a matter of reference, the ER-
values of the particle assembly displayed in Fig. 2 correspond to ER =
3.8% vs. incl. dust ERdust = 4.1% (Fig. 2a) and ER=1.9% vs. incl. dust
ERdust =2.7% (Fig. 2b).

To investigate to what extent the particle concentration c affects the
error ratio ER, experiments were performed with single water droplets
carrying different silica particle concentrations, keeping the same
RL1≅1.0. The results presented in Fig. S4 (cf. SI) highlight that depending
on the operatingmode, the relative loading in conjunctionwith the dis-
persion concentration c affect the error ratio, i.e., the quality of the as-
sembled array of particles. To keep the RL1 constant, lower volume
droplets are dispensed at higher concentrations. Consequently, the
local concentration of particles in the vicinity of the membrane 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 twomajor issues
should be addressed in order to improve the quality of the assembled
particle 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 dis-
pensing dropletswith RL1> 1.0 on the chip or repeating 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 chang-
ing the number of subsequent droplet additions N at two different con-
centrations (c = 0.0025 and 0.005 mg mL−1). Two distinct sets of
experiments were performed: 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.

Although showing large standard deviations, the results in Fig. 3
show that the quality of the assembly is not necessarily improved by
supplying particles 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 operating mode both without and with
washing step. Whereas the deteriorating quality is obvious without
on the CFx-coated chips placed in (a) the horizontal or (b) the vertical position. The blue
les indicate dust contamination. Conditions: silica particles dispersed in water with
m. Scale bar = 200 μm.



Fig. 3. Bar chart of the error ratio ER observed when depositing droplets comprising 10 μm silica particles with concentration c=0.0025mgmL−1 (a2&b2), and 0.005mgmL−1 (a1&b1)
on CFx-coated membranes with pitch d = 35 μm placed in either (a) horizontal or (b) vertical position as a function of the total number of cycles N. The RL1 has been varied with the
addition of washing steps (1 mL of water) after some cycles. 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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washing step, it is less expected when a washing step is added. On the
other hand, in the vertical operating mode when c = 0.0025 mg
mL−1, the number of empty pores is significantly reduced in the TRL
> 1.0 case (cf. bars #7–9 in Fig. 3d) with respect to the RL ≅ 1.0 case
(cf. bar #2 in Fig. 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 of empty pores, Fig. 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 Fig. 3a) in the horizontal mode, while in
the vertical mode significantly more pores remain unoccupied (cf.
bars #5, 6 and 9 in Fig. 3b). The latter can be explained by the gravita-
tional flow of the droplets, which inevitably transports the particles
away from themembrane pores, bringing them too far away for the suc-
tion pores to become sufficiently attracted. Therefore, in the most di-
luted 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 suction force becomes too weak to capture the par-
ticles 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 (com-
pare bars #7–9 in Fig. 3b2 vs. bars #2, 4, 6 in Fig. 3b2).

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 conse-
quence of the random distribution of the particles in the dispersion,
this inevitably leads to the formation of clusters. In addition, there is
no flow that may remove the formed clusters as is the case in the verti-
cal mode. To take advantage of this observation, a washing step was
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added after each loading step to remove the formed particle clusters re-
gardless of the operating mode. The ER-values in Fig. 3 indeed confirm
that the addition of a washing step after each loading step substantially
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 becomes insignificant.

A caveat should be added here: subsequent loading steps increase
the chance of dust particles blocking the pores, thus hindering the or-
dered array assembly of particles on the membrane. Therefore, single
droplets with RL1 > 1 seem to be more appropriate to obtain high qual-
ity assemblies thanmultiple additions of RL1< 1-droplets. The results in
Fig. 3 support our hypothesis that an effective high RL around themem-
brane, depending on both concentration and chosen RL, decreases the
number of empty pores, but promotes the formation 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, exper-
imentswere also performed onnon-coated silicon chips to test if the hy-
drophilicity of the surface affects the quality of the particle assembly.
Fig. 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.

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 counterparts. This observation can be explained from stud-
ies published on the coffee-ring effect (CRE). In the CRE, particles dis-
persed in sessile droplets are driven by the capillary flow towards the



Fig. 4.Bar chart of the error ratio ER observedwhendepositing singlewater droplets comprising 10 μmsilica particleswith concentration c=0.005mgmL−1 and total RL1=1.2 deposited
on CFx-coated or non-coated silicon chips in either horizontal or vertical position. A washing step with 1 mL 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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contact line of evaporating droplets [30–32]. 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 drop-
let 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 sur-
faces may suppress the CRE due to a lower contact angle hysteresis
[32,33].

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 larger 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 par-
ticle array assemblies can be obtained with the CFX-coated chips com-
pared to the non-coated silicon chips.
3.3. Effect of the pore pitch

In many applications [1,2,9,10,14,34], scientists and engineers strive
to assemble particles in configurations with smaller pitches. Experi-
ments comprising of a single loading and washing steps have therefore
been performed on membranes with a shorter particle-to-particle dis-
tance (=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
the 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 insuffi-
cient to remove all the formed particle clusters.

Subsequently, the effect of the pore pitch distance was investigated
using themost optimal conditions evolving from the preceding sections.
I.e., all experiments were performed with single water droplets com-
prising 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
334
lower volume droplets, which raises the effective RL near the pores.
After the disappearance of the droplet, four consecutive washing steps
were added to ensure that the majority of, if not all, the clusters were
removed.

Fig. 5 displays the SEM images of the particle assemblies obtained for
varying pitch distances in the (a) horizontal or (b) vertical operating
mode. For 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 the bottom layer, thus significantly improving the quality of
the assembled particle array in case of the minimal-pitch array (com-
pare 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 situ-
ation where the probability of multiple particles hindering each other
when approaching their destination pore is greatly increased. As illus-
trated 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 particles leave the underlying pores open, which results in a
persistent local suction flow, consequently serving as a nucleation seed
for the formation ofmassive 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 to remove the large clusters.

Regarding the smallest pitch d = 1.25 μm, it is noteworthy that an-
other 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. We have used highly monodisperse parti-
cles such that this effect can be neglected. However, when employing
a suspension of particles with a dispersity >8%, this should definitely
be taken into account, as the probability for this effect increases.
3.4. Effect of dispersant and particle properties

While the preceding experimentswere carried out with aqueous sil-
ica dispersions, particles are also often dispersed in solvents with a



Fig. 5. SEM images of themonolayer assemblies attained onmembranes 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
verticalmode. Singlewater droplets with RL1=1.2 c=0.025mgmL−1 were deposited on the CFx-coatedmembranes. Fourwashing stepswith 1mLwater 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.
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lower electrical permittivity than water to reduce the van der Waals
forces or, if applicable, to reduce their hydrophobic-hydrophobic inter-
actions. [35] To examine the universality of the proposed method, we
therefore dispersed the hydrophilic silica or hydrophobic polystyrene
(PS) particles in either ethanol or water. The obtained results are pre-
sented in Fig. 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.

The results for the silica particles show that the quality of the assem-
bly obtained with ethanol after one cycle is inferior compared to that
Fig. 6. Bar chart of the error ratio ERwhen dispensing singlewater or ethanol droplets comprisin
(RL1 = 1.4) on the non-coated silicon chips with pitch = 40 μm (silica particles) or pitch = 35
of the total number of cycles N. Washing steps were added (either water or ethanol) after each
ER= 45%, i.e. off the scale of the graph. The error bars represent the standard deviation for n=
(empty part of the bar). A SEM image of one of the assemblies obtained with (e) silica part
Scale bar = 200 μm.
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obtainedwithwater, especially in the verticalmode. 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 lateral dispersion transports the particles
away from themembrane, resulting in a lower effective RL, in turn lead-
ing to a substantially higher number of empty pores. This holds for the
horizontal mode, but is most prevalent in the vertical mode. The results
obtainedwith the PS particles dispersed in ethanol after one cycle in the
horizontalmode (cf. bar #7 in Fig. 6a) support this hypothesis, as the ef-
fective loading near the membrane pores is significantly increased be-
cause of the lower volume ethanol droplet in the PS case. As a result,
g 10 μm (a&c) silica particles or (b&d) PS particles with concentration c=0.005mgmL−1

μm (PS particles) placed in either (a-b) horizontal or (c-d) vertical position as a function
loading step. In figure (b) the data for ethanol has been cut-off. The * represent a value of
3. Each bar contains the fraction of particle clusters (filled part of the bar) and empty pores
icles in the vertical mode, and (f) PS particles in the horizontal mode, after three steps.
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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 Fig. 6a). Presumably, the hydrophobic-hydrophobic interac-
tions in water drives the formation of PS particle clusters within the
droplet/solution, resulting in a depletion of single 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 during which the vacuum force can attract the particles to-
wards themembrane pores is significantly reduced. Because of the rap-
idly 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
discussed ethanol droplet cases, a refill sequence comprising multiple
loading andwashings stepswas established for the twodifferent disper-
sant 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 thewater droplets dete-
riorated (Fig. 6a-b). The latter can be explained by 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 subse-
quent steps are added. For the PS particles on the other hand, the quality
of the assembly is improved after three steps (e.g., Fig. 6f), while the ER
obtained with ethanol shows a slight, but insignificant, increase
(Fig. 6b).

In the vertical mode (Fig. 6c-d), the quality of the assembly signifi-
cantly 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., Fig. 6e) show the importance of the
induced flow as the fraction of clusters is substantially decreased
Fig. 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.
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(Fig. 6c). Thus, in this case (cf. bar #4 in Fig. 6c), the quality of the assem-
bly is almost perfect, confirming the result shown in Fig. 3c (cf. bar #6)
within the error margin.

From the results in Fig. 6a, it can be inferred that in the case of the
silica 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 ethanol 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. Consequently, water droplets are preferred
for the assembly of silica particles, whereas ethanol is the preferred dis-
persant for the assembly of the PS particles.

3.5. Transfer of the assembled array of silica particles

As the vacuum force can be switched off after the assembly process,
the array of assembledmicroparticles is readily available for subsequent
transfer on another substrate, provided that the substrate exerts a suffi-
ciently 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 onto a PDMS (20:1 w/w) slab. Using a similar ap-
proach, we attempted to transfer the assembled array of particles onto
a PDMS sheet.

As can be observed from Fig. 7, particle transfer can indeed be real-
ized by manually pressing the PDMS sheet on the assembled array,
maintaining their initial position on the perforated device. Future re-
search is required to investigate themost optimal conditions to transfer
the particles on PDMS as well as other polymer surfaces. The transfer of
the assembled array of particles can be advantageous for soft/flexible
electronic devices [10,26].

4. Conclusion

In this study, a universalmethod is proposed to assemble an ordered
array of microparticles on the surface of a micromachined grid of mem-
brane pores. Droplets containing either silica particles (9.98± 0.31 μm)
or PS particles (9.98 ± 0.11 μm) are dispensed on membranes con-
nected to a vacuum pump. As the applied vacuum force sucks the dis-
persant through the membrane, the particles are captured on the
array of pores. In general, the quality of the ordered array is impaired
by three apparent defects: particle clusters, empty pores, or the interfer-
ence 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 proposed method.

The experiments were performed in a horizontal or vertical operat-
ing mode, each with its own advantages and disadvantages. In the hor-
izontal mode, the number of vacant pores is minimized, but the
formation of clusters is promoted, while in the vertical mode, the grav-
itation force-induced flow removes the particle 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 concentra-
tion 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 the 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 proposedmethod is uni-
versal, as ordered array particle assemblies were attained with silica as
well as PS particles dispersed in both ethanol or water, reporting prom-
ising ER's as low as 0.3 ± 0.1% for silica and 0.2 ± 0.1% for PS particles
(pitch d = 35 μm).

A drawback of the proposed method was pointed out when experi-
ments were performed to assemble particles in a configurationwith the
smallest pitch d = 1.25 μm. In this case, the quality of the particle
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assembly can be significantly deteriorated, as particles can more easily
compete for the same pore and some get trapped between adjacent
pores, resulting in ER-values up to at least 25%. However, by using the
optimal process parameters in conjunctionwith the addition ofmultiple
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 potentially allows to manipulate, release, and subsequently
transfer the assembled microparticle array. This makes the proposed
method attractive for applications such as (soft-) electronic devices, cel-
lular assays, sorting of (nonvolatile aerosol) particles, colloidal lithogra-
phy, and fabrication of microsieves. In addition, the proposed method
allows for the potential stamping of multiple assembled arrays onto an-
other 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 parti-
cles using the proposed method. In principle, the method can be rela-
tively easily 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 inter-
particle 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. 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 in-
sufficiently attracted to the pores, resulting in an impaired array of as-
sembled particles. A separate series of experiments found that these
10 μmmonodisperse particles also assembled on pores with a diameter
down to 4 μm. Presumably, once the particles are 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 un-
desired mobilization of the captured particles during subsequent ma-
nipulation 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. More-
over to prevent clogging, the pore's diameter should not exceed the di-
ameter of the smallest particles. Considering all these constraints, we
performed the experiments presented in this study with membranes
carrying pores with a diameter of 7.5 μm.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2021.05.079.
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