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Abstract

Capillary self-alignment shows the potential to keep small components aligned using soft liquid contact when
disturbed by external forces. Whilst this concept has been promising, mostly static situations have been
investigated, making it unclear how a receptor-droplet-chip (RDC) configuration behaves dynamically and
where its stability limits are.

The primary aim of this research was to determine the stability limits of such a configuration and explore
its failure modes. Two non-linear analytical models simulate the situation and investigate the parameters
exposed to the system. These models predict the relative lateral displacement of the chip and its tilt, which
can predict when failure should occur. Results from Surface Evolver, a computational software, and experi-
mental data from a laboratory setup validate these models. A shaker induced one DOF linear accelerations,
and high-speed cameras observed these tests. The validated model was then used to investigate the effects
of variables such as lubricant height, chip dimensions and acceleration magnitudes.

This project gives an insight into how a chip behaves dynamically on a liquid meniscus and was the first
to investigate the tilt of the component during accelerations. The key finding is a stable region showing what
amount of liquid results in reaching the highest possible acceleration without failure. Secondly, the mod-
els and experiments showed that smaller liquid volumes and chip sizes increase the attainable acceleration.
Chips of L = 2mm were able to be accelerated up to a = 27g without failure, parts of L = 1mm even reached
an acceleration of a = 35g at which the RDC configuration remained intact. Moreover, possible eigenfrequen-
cies were observed, and the system could re-align at specific frequencies from a tilted pose. Therefore, this
research has demonstrated that, under the right conditions, capillary interfaces can be useful to transport
components under high accelerations.
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1
Introduction

1.1. Motivation
As of today, one of the biggest global markets estimated at 483 billion dollars in 2022 and projected to grow
to 893 billion dollars in 2029 is the semiconductor market [1]. According to the Semiconductor Industry
Association, 1.15 trillion semiconductor units were shipped only in 2021 [2]. In perspective, just over 36,000
units every second must be produced to reach that goal. Since this number will keep increasing and the
assembled parts will decrease in size, existing machines must be improved to keep up with the demand.
Therefore, the Precision and Microsystems Engineering department of the Delft University of Technology has
collaborated with ITEC Equipment and Automation Technologies B.V. (ITEC) to find innovations that can
improve the assembly speed and quality of semiconductor parts. Some examples of these devices are LEDs
(light-emitting diodes), photocells for solar panels and ultra-thin chips [23, 51]. Fig. 1.1 shows examples of
these mounted parts.

Figure 1.1: Two examples of microparts that have been assembled using fluidic self-assembly. (a) Micrographs of a cylindrical display
with LEDs [21]. (b) Picture showing photocells for solar panels [43].

Nowadays, machine-based micro handling is the current industry standard in precision assembly, a well-
performing method capable of assembling thousands of components per hour [44]. However, this pick-and-
place method is limited by its assembly speed, especially when handling parts of sub-millimetric size. Con-
tact handling may also damage the object, and the process is not easy to parallelize. In some cases, substrates
have become flexible and non-planar, making it difficult for these methods to work with [5, 21].

1.2. Capillary Self-Assembly at High Dynamics
Overcoming drawbacks such as limited assembly speed and damage due to contact handling requires new
principles and methods. Self-assembly may solve these problems since it is a parallel process, bonding mul-
tiple parts simultaneously, and capable of providing high throughput with sub-micron alignment accuracy
[11, 28, 48]. More specifically, surface tension-driven or capillary self-alignment has proven to be a tech-
nique that is still capable of maintaining its liquid configuration when subjected to relatively high forces. The
method is based on the stress generated on fluid surfaces; placing a chip on top of a droplet can increase

1



2 1. Introduction

that. Surface energy in this fluid interface leads to capillary forces trying to minimize the energy and obtain
a balance. These forces can align small chips to the desired position. Especially at more minor scales, these
capillary forces become relatively large compared to the gravitational and inertial forces of the chip.

(a) (b) (c)

Figure 1.2: Side-view (top) and top-view (bottom) of the whole capillary alignment. Grey rectangular shapes on top and at the bottom
are the microchip and receptor site. The blue shapes are the liquid. (a) Microchip being placed on a droplet. (b) Meniscus forms a liquid
bridge between receptor pad and microchip. (c) Capillary forces move the chip towards the receptor’s centre until the meniscus’s final
equilibrium shape is reached. Figures are based on multiple figures from several papers [13, 39].

The whole process of capillary self-assembly can be divided into three subsequent phases. First, chip
release with a given direction, speed and accuracy, Fig. 1.2 (a). Often, vacuum tweezers, micro grippers or,
for example, laser die transfer are used. Secondly, the chip touches the surface of a droplet of liquid, Fig. 1.2
(b). A receptor site usually confines this droplet. This is the position on a plate or substrate on which the chip
must be assembled or kept in place. A wetting contrast - a hydrophilic receptor on a hydrophobic plate - is a
possible method of confining a droplet, but also edges or a combination of both can be used [8, 46]. When the
chip touches the droplet, a meniscus forms between the surface of the receptor and the chip, where capillary
forces align it to the receptor site. After the chip has crossed the mean position of the receptor for the first
time, its motion continues. After moving further, it moves back and forth, oscillating until it has reached its
final position, Fig. 1.2 (c).

The advantages of capillary self-assembly over other techniques using contact handling are extensive. As
the size of parts decreases, it becomes more difficult for these handling methods to maintain their precision
and speed [5, 21]. Capillary forces and their alignment performance increase when the parts are downscaled.
Moreover, some objects being handled are sensitive to contact handling and require a soft or non-contact
handling method. Capillary assembly is capable of delivering this. At the same time, some alternatives de-
liver these solutions. Systems using micro-gel grippers, optical tweezers or even acoustic levitation exist that
provide non-contact gripping of small parts [17, 19, 20]. However, capillary assembly does not use the posi-
tioning of actuators but solely uses the passive alignment capabilities of the fluid.

(e)

a(t)

(d)

(a) (b) (c)

Figure 1.3: Overview showing how capillary self-assembly can be implemented in a system. (a) Empty substrate (grey) with receptor sites
(orange). (b) Fluid deposition. (c) Component placement with vacuum tweezer (dark blue). (d) Lateral acceleration of substrate. (e) Rest
position.



1.3. State of the art 3

A schematic overview illustrating how a machine could implement capillary assembly is represented in
Fig. 1.3. This figure shows a substrate with receptors at which components must be aligned. First, a droplet is
deposited and confined at the receptor site, followed by the placement of a chip. Now, a configuration exists
in which a liquid bridge connects the receptor with the component. In order to place another part on top
of a different receptor site, the whole substrate must accelerate and decelerate to reposition underneath the
vacuum tweezer. In 2025, ITEC aims to build a machine capable of assembling 1M parts per hour. Achieving
this goal requires parts to accelerate up to 60g without failing. This research will mainly focus on the step
shown in Fig. 1.3 (d), at which these accelerations occur.

1.3. State of the art
Previous to this MSc research project, a literature study was performed to find state of the art related to fluidic
self-assembly. This chapter shows the most important outcomes of this investigation. The literature study
itself shows the additional details and explanations of these outcomes. Moreover, state of the art relevant to
the specific topic of this MSc research is shown at the end of this chapter.

1.3.1. Fluidic Self-assembly Fundamentals
Generally, two approaches can model a static system with an RDC. One is the energetic approach; the other
method is Laplace’s law. Most studies have used one of these two methods to make an analytical approxima-
tion of the problem. Usually, it gives a simple idea of what should happen in experiments. More powerful
tools that give more precise solutions are software such as Surface Evolver or Comsol Multiphysics.

Often droplets are confined by a wetting contrast in which a hydrophilic receptor is placed on a hydropho-
bic substrate. Generally, a wetting contrast seems to provide a better alignment accuracy than when edges
are used, but it is unclear where this difference originates. Examples do exist of studies that use an edge
solely instead. A combination of a wetting contrast and edges is a hybrid confinement method of which only
its wetting performance has been studied. Future work could focus on fluidic self-assembly using a hybrid
method. This could result in better wetting capabilities and better assembly performance.

Author Year Confinement Part size Accuracy

Tsai et al. 2007 Edge 1 mm 16 µm
Sariola et al. 2010 Edge 50-300 µm 2-3 µm
Zhou et al. 2006 Edge 300 µm 5-10 µm
Srinivasan et al. 2001 Wetting contrast 150-400 µm < 0.2 µm
Sato et al. 2003 Wetting contrast 0.8-1.0 mm < 5 µm
Knuesel et al. 2010 Wetting contrast 20-60 µm 0.9 µm
Fukushima et al. 2011 Wetting contrast 3 mm 0.5 µm
Chang et al. 2017 Wetting contrast 500 µm 1.4 µm

Table 1.1: Overview showing differences in accuracy for part size and methods [9, 18, 23, 40, 41, 45, 46, 52].

The shape of the micro part is very much dependent on the final application it should fulfil. In most
cases, the parts are rectangular, but recent studies also show circular shapes. The size of most studied chips
lies in the range of 100 to 500 microns. Only a few studies show experiments done with chips smaller than
100 microns. Since there is a trend in downscaling electronic parts, more knowledge of assembling smaller
parts is required.

In order to obtain a high yield and high alignment accuracy, it is recommended to match the shape of the
component and receptor. However, it is possible to assemble chips and receptors with different shapes. A
certain amount of jaggedness of the chip is also allowed to align the chip still. This concept might be relevant
for industrial applications since it is allowed to have imperfections. The number of allowed defects on chips
could increase the total yield.

1.3.2. Process Integration
Fluidic self-assembly consists of two integrated sub-processes: fluid deposition and chip placement. Fluids
can be deposited with single droplet methods, which are relatively slow but offer more control over droplet
volume size. Parallel methods such as spraying mist or dip-coating have higher throughput, but the place-
ment and volume size of the droplets are more difficult to control. Fig. 1.4 shows four different fluid de-
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Author Year Shape Parts Time Yield

Srinivasan et al. 2001 Rectangular 98 1 min 100%
Xiong et al. 2003 Rectangular 16 2 min 88%
Fang et al. 2005 Rectangular 164 3 min 100%
Zheng et al. 2006 Rectangular 600 2 min 100%
Fang et al. 2006 Rectangular 1000 2 min 100%
Park* et al. 2010 Rectangular 116 1 min 90-100%
Knuesel et al. 2010 Rectangular 62500 45 sec 98-100%
Park* et al. 2012 Rectangular 81 70 sec 100%
Park* et al. 2013 Circular 90 1 min 100%
Park* et al. 2014 Rectangular 15000 60 min >99%
Cho et al. 2019 Circular 19663 1 min 99.90%

Table 1.2: Overview showing differences in shape, assembled parts, the time it took to assemble and the final yield. *These studies are
published by the same author showing the same experimental setup that is improved in every study [10, 15, 16, 33–35, 37, 45, 49, 51].

position methods [29]. Future research could focus on droplet jetting or inkjet printing to deposit fluids or
parallelize other existing single droplet methods. The parallel processes lack knowledge in both modelling
and experimenting.

There seems to be a trade-off in lubricant volume concerning the capillary forces and yield. A smaller lu-
bricant volume increases the capillary forces, increasing the alignment speed and improving the final align-
ment. However, the yield increases for larger volumes. How this trade-off works and how this can be useful
for making design choices could be investigated more thoroughly in future works. Moreover, studies inves-
tigating the effect of lubricant volume on the assembly performance used receptors with edges or a wetting
contrast. It is unclear if these effects are the same when using hybrid methods. A recessed receptor, combined
with a wetting contrast, could offer a more significant lubricant volume while keeping a relatively small gap
between the receptor’s and component’s edges.

Figure 1.4: Most common methods of fluid deposition. (a) Non-contact single droplet (b) Contact single droplet (c) Parallel stochastic
(d) Parallel deterministic [29].

Components can be fed to receptors one by one, parallel, using fluidic agitation and vibration feeding or
floatation feeding. Single component methods are relatively slow and place the parts with a relatively low
precision but offer a deterministic placement method. On the other hand, laser die transfer offers a single-
component technique that theoretically reaches a very high throughput of 100 million parts per hour. There-
fore, combining this with fluidic self-assembly seems an interesting topic that requires more research. Vibra-
tion and agitation methods often require many chips compared to the available receptors on the substrate.
For example, one study used over three million chips to fill approximately 19,000 receptors. The efficiency of
these methods could therefore increase in future research.
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Figure 1.5: Component feeding techniques with a) single-component feeding, b) parallel multi-component pick-and-place, c) laser-
induced-transfer d) fluidic agitation and vibration feeding e) floatation feeding [29].

Controlling the orientation of chips can be done by using magnetic fields and pulling magnetized parts
of the chips in a specific direction. Another method is forcing the chip into an orientation by using shape
recognition. Matching a low-order symmetric shape of both the chip and receptor could achieve this. The
downside of both methods is that they require adaptations of the chips. Future research could focus on the
orientation control of the chips without changing them.

1.3.3. Capillary Self-assembly Dynamics
Most models describing alignment dynamics use a combination of Navier-Stokes and Newton, coupling the
lubricant’s liquid flow with the component’s inertial forces. Often these models are used for situations de-
scribed in 2D, making the models less complex and easier to solve. Studies have modelled 3D situations,
enabling them to study multiple deformation modes simultaneously. However, this drastically increases the
computational time. If computing power increases soon enough, the research could focus more on building
models in 3D.

Author Year Model details Experiments Validity

Zhang et al. 1990 1D-coupled, Navier-Stokes None -
Perales et al. 1991 2D-coupled, Young-Laplace TV camera Excellent
Meseguer et al. 1995 2D-coupled, Young-Laplace Compared with existing

literature
Good

Park et al. 2001 2D-coupled, Mean-field model None -
Martinez et al. 2004 2D-coupled, Duffing oscillator CCD cameras Poor
Meseguer et al. 2005 2D-coupled, Lyapunov-Schmidt CCD cameras Excellent

Table 1.3: Overview showing different studies describing a liquid bridge with models based on meniscus shape [27, 31, 32, 36, 38, 50].

Few studies have focussed on the dynamics after the alignment and how forces influence the system’s
stability. Parameters such as viscosity and lubricant volume influence the stability of a liquid bridge. However,
these studies all consider a situation in which both the receptor and component are fixed. No studies are yet
available investigating the stability of a meniscus in which the component can move freely along the liquid.
Moreover, these studies lack knowledge of parts of sub-millimetre size. Only one study investigated the shift
of a component after accelerating and decelerating the substrate. Future research could focus on modelling
situations with a freely moving component and perform experiments to validate these models.
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1.4. Problem Statement & Research Question
Fluidic self-assembly might be a suitable method to improve, for instance, the assembly speed of pick-and-
place methods. Much knowledge is available about how to confine the droplets, what types of chips to use
and other aspects of process integration. Furthermore, many studies investigated static modelling and even
the dynamics of the chip alignment process. However, implementing fluidic self-assembly into a machine
also requires knowledge about the dynamic behaviour after the chip alignment. After the alignment of a chip,
it is, for example, desired to know what the acceleration limits are to improve the throughput of that machine.
Models exist of such cases describing the stability of a liquid bridge between two solids, but only in situations
where these are fixed. The highest acceleration speeds that have been experimented with are approximately
30g , whilst most machines in the industry accelerate well above those speeds. A method is required in which
the dynamical behaviour of an assembled chip can be modelled and observed using experiments.

The above-mentioned leads to the following problem description:

’Current assembly methods do not deliver both the desired throughput and placement precision of chips
any more. Fluidic self-assembly might be a solution to that, but models describing the dynamical behaviour of
an aligned chip do not exist yet or are in most cases not suitable enough. Besides, almost no experiments have
been conducted to investigate the design limits of an aligned configuration.’

This Master’s Thesis project aims to develop a method in which analytical models and experiments demon-
strate the stability limits of a microchip aligned with fluidic self-assembly subjected to acceleration forces.
Parameters such as the height of the lubricant, chip size and acceleration magnitude are varied to investigate
their effect on the stability of the liquid bridge under acceleration. The research question relevant to this
study is as follows:

’What are the limits to the alignment capabilities of a liquid bridge between receptor and component sub-
ject to high accelerations?’

To support this research question, a set of three fundamental sub-questions are given as well:

• What failure modes exist that disrupt the liquid bridge and what causes these to happen?

• How can the lateral displacement and tilting of the component during accelerations be modelled?

• What methods exist to predict when a component is lost during transport due to accelerations?



2
Stability Limits of the System

In order to answer the research question, it is essential to understand the dynamics of a receptor-droplet-
chip (RDC) configuration and to find the restricting stability boundaries of such a system. The visualization
in Fig. 2.1 shows an isometric view of such a configuration. A liquid connects a chip to a receptor on the
bottom. This receptor is a thin rectangular square with equal dimensions to the chip. It can contain a droplet
because the liquid will pin along all its edges. The line along these edges is an interface at which a gas from
the surroundings, a liquid from the meniscus and a solid from the receptor or chip come together. This
line is referred to as the triple line, or contact line [24]. Capillary forces act along these lines to keep the
system balanced. Implementing capillary alignment in high dynamics systems introduces external forces,
deforming the droplet and moving the top chip. If these deformations and displacements become too large,
the meniscus might break or even eject the chip completely. Since these accelerations are relatively high, the
configuration is expected to function close to its instability region.

Lift

Twist

Tilt
Shift

z

y

x

Figure 2.1: Illustration of an RDC configuration in which the displacement modes have been indicated with arrows.

Four displacement modes of a square chip have been recognized [4]. A shift is a lateral displacement rela-
tive to the receptor along the x- or y-axis. Roll or tilt are rotations about the x- or y-axis. In the case of a square
chip, these are equivalent. Lift and twist represent the vertical displacement along and a rotation about the
z-axis. This study has focussed on both shift and tilt and how these may cause unpinning of the meniscus or
result in dry friction between receptor and chip. This chapter focuses on two models predicting the shift and
tilt of a component during accelerations. The possible failures due to these deformation modes are shown,
giving the stability boundaries of the system.

The main objectives of this chapter are:

• Understand the parameters and variables that play a role in dynamics of the system and how large their
influence is.

• Approach the configuration with a simple yet effective model.

• Find the most important aspects causing failure of the system due to accelerations.

7
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2.1. Failure Modes
Ideally, an evenly distributed liquid bridge connects the receptor and chip and is pinned on all edges. Due
to accelerations of the receptor, the meniscus starts deforming, resulting in displacements of the top chip.
These deformations may cause unpinning of the contact lines, dry friction or even rupturing of the liquid.
This section describes these failure modes in more detail.

2.1.1. De-wetting and Contact Angle Hysteresis
As mentioned before, accelerations of the receptor will result in a lateral shift and tilt of the top chip. It is
essential to understand in what situations the contact lines stay pinned and when they start to unpin. This
will help predict when de-wetting will occur. This principle is related to the angle the liquid makes with a
solid. For example, the angle θ shown in Fig. 2.2 is the edge angle between the liquid surface and the solid
along the entire edge. This contact line will stay pinned for specific values of this angle, and for some values,
it will start to unpin. This is related to the ability to confine droplet inside a receptor and can be expressed by
the Gibbs’ inequality condition [46]:

θ0 ≤ θ ≤ (180o −φ)+θ0 (2.1)

Here, θ is the edge angle of the liquid on the solid edge, θ0 is the contact angle, and φ is the geometrical
angle of the solid. The contact angle θ0 is the angle the water surface makes with a smooth solid surface when
it is not pinned, as seen in Fig. 2.2 on the right. For example, if the angle φ = 90o and θ0 = 25o , the contact
line will stay pinned if its value remains between

25o ≤ θ ≤ (180o −90o)+25o = 115o (2.2)

φ

Figure 2.2: Two figures showing an RDC configuration on the left and an unpinned droplet on a smooth surface on the right. Here, θ
corresponds to the edge angle, φ to the topological angle of the solid and θ0 to the contact angle.

When one of these values exceeds the boundaries, the contact line at the edge will start to unpin. This
causes the meniscus to slide across the surface or to flow over the edge. In the first scenario, the unpinned
edges might be able to move back again and pin to the edges. After overflowing, most configurations will fail
because the system cannot restore itself.

(a) (b)

(d)(c)

Figure 2.3: Overview of four possible scenarios during motion. (a) Pinned (b) Two edges unpinned (c) Overflow (d) One edge unpinned.
Figures based on [30].

In the above situations, only a lateral shift is considered, and the top chip’s tilting motion or vertical dis-
placement has been neglected. In those situations, the edge angles in the opposite corners are the same. In
reality, tilting motions of the chip also occur, resulting in four different edge angles. In Fig. 2.4 the differ-
ence between only a shift and a situation with both shift and tilt can be seen. In the first situation, θ1 = θ3
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and θ2 = θ4. While in the right situation θ1 > θ3 > θ4 > θ2. This shows that the angles will become different
when tilting is included, meaning that the boundaries described in Gibbs’ inequality criterion might be ex-
ceeded more quickly. Therefore it is also important to consider the tilting motion of the chip to create a more
conservative model.

Figure 2.4: Figures showing the difference in edge angles for a situation in which only lateral shift is considered (left) and a situation with
both lateral shift and tilting motion of the chip (right).

At the beginning of this chapter, Fig. 2.1 shows a situation in which the meniscus surface is not straight but
rather concave. Figures are often illustrated this way because the meniscus shape is concave at the corners
between the receptor and chip. However, in environmental conditions with water in air, the shape is straight
along the edges between the surfaces. An example of what this looks like can be seen in Fig. 2.5. This shape
has been confirmed by experiments and simulations performed in Surface Evolver. Screenshots of these can
be found in Fig. 3.2 and Appendix A. Another reason why figures are often shown with concave surfaces is
that for large displacements and a constant water volume, the meniscus’ shape becomes slightly hyperboloid
[31]. Since these concave shapes are only located at the corners and are challenging to implement into a
model, they are not considered.

A

A'

B B'

AA'

BB'

Figure 2.5: Sketches showing the difference in cross-section from different cut-planes of the configuration on the right. The colour of the
liquid refers to the cross-section taken on the right. Figure based on [7].

2.1.2. Dry Friction and Rupture
Another failure mode that might occur due to the tilt is dry friction. Due to the tilting motion of the chip, the
edges on the left and right are moving up and down towards the receptor site. If this displacement is large
enough, they might come in contact. These friction forces may be significantly large to keep the chip from
moving and preventing a smooth alignment with the receptor. Therefore, it seems necessary to find a model
capable of predicting how much tilt will occur in what situations.

When accelerations are high enough, a component could be ejected completely [7]. Usually, this happens
only with relatively large chip sizes (>5mm). This is because the inertial force of the chip’s increased mass
become more significant. Moreover, this is very complex to predict and is therefore not considered in this
study’s models.
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2.2. Numerical 1D State Space Model
At first, a linear state-space model was made to predict how large the lateral shift would be under different
circumstances. The model is based on the system shown in Fig. 2.1 on which several assumptions have
been made to simplify the problem. The receptor site accelerates, and only the lateral shift and edge angles
are calculated. In this model, the surface tension is translated into lateral stiffness and the viscous force
into lateral damping. By doing this, the system is approached as a mass-spring-damper placed on top of a
massless cart. The found trends from this model related to some of the variables are similar to that of the
model described in the next section. However, the actual results related to the shift and edge angles turned
out to be less accurate than the non-linear model. This is because, in the situations described here, the
displacements are relatively large and thus non-linear. Therefore, this model is not described in more detail
but can still be found in Appendix B.

2.3. Numerical 1D Non-linear Model: Shift
This section presents a non-linear model in which the bottom receptor accelerates, resulting in a lateral shift
of the top chip relative to the receptor. The model gives an insight into how some variables affect this shift.
Moreover, the shift can be used to predict what the edge angles will be. At the end of this section, insights
and trends are presented and discussed. This model was based on an existing model and adapted to a new
situation [7]. Here, both the receptor and chip are considered square rigid objects with side lengths L and
thickness th. The meniscus is a deformable parallelogram with a non-changing height of h0 and neglecting
tilt. This height is assumed to be smaller than the capillary length Lcap =√

γ/ρw a(t ) <√
γ/ρw g (i.e. Bo <<

1). Usually, only the gravitational effects are considered. However, the accelerations in this situation (up to
60g ) are significantly higher than the gravitational constant (g = 9.81m/s2), leading to a capillary length of
Lcap ≈ 350µm. Moreover, the surfaces are assumed to be ideally smooth and chemically homogeneous. This
should lead to smooth unpinning of the triple contact line upon de-wetting.

x

h0

L

Component

Receptor

Fa
Fc

m a(t)

Figure 2.6: Two-dimensional representation of the system showing a liquid bridge connecting a component to a receptor. Fv and Fc
represent the viscous and capillary force, whereas Fa represents the inertial force of the chip.

2.3.1. Liquid and Solid Physics
When the receptor is in motion, Newton’s equation for rigid bodies can be used [7]. In this situation, the
acceleration of the receptor generates an inertial force Fa, but also a viscous force Fv exists due to a velocity
profile in the liquid and a restoring capillary force Fc because of the relative displacement and deformed
droplet. The acceleration induced by the receptor is introduced to the system and described as Fi =−ma(t ).
This system’s visualisation with the relevant forces can be seen in Fig. 2.6. This results in

mc
δ2xc

δt 2 −Fv −Fc =−ma(t ) (2.3)

in which mc and x are the mass and position of the chip, and a(t ) is a non-constant acceleration which is
multiplied with a mass m equal to the weight of both component and liquid. The first coupling term in this
model is the viscous force Fv, given as

Fv =µL2 δvx

δz

∣∣∣
z=h0

(2.4)
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where µ is the dynamic viscosity and vx the lateral velocity of the liquid [13]. The velocity is found by
solving the Navier-Stokes equation for an incompressible fluid of density ρw between two plates separated
by a distance h0.

δvx

δt
− µ

ρw

δ2vx

δz2 =−a(t ) (2.5)

Initially, the system is at rest, and a no-slip condition at the surfaces of the receptor and component is
assumed. The initial boundary conditions are given as follows:



vx (z, t = 0) = 0
∂vx
∂t (z, t = 0) = 0

x(t = 0) = 0
ẋc (t = 0) = 0
ẍc (t = 0) = 0

and

{
vx (z = h0, t ) = ẋc

vx (z = 0, t ) = 0
. (2.6)

The second coupling term is the restoring capillary force Fc. It acts at the contact line and tangent to the
gas-fluid interface and is proportional to the length of the edge L and the surface tension γ. This restoring
force can is derived from the minimization of the surface energy of a liquid [25]. If the shift of the component
is small enough, it does not change the height of the gap, but it does increase the lateral surface area of the
meniscus, which is found by

Am = 2Lh0 +2Lh0

√
x2 +h2

0 (2.7)

Here, the gap height and length of the sides of the chip are denoted as h0 and L. The lateral displacement
is represented by x. The surface energy E in this situation is given as

E = γAm +C (2.8)

where C is an arbitrary constant. Now, the restoring force can be found by deriving the equation with
resprect to d :

Fc =−δE

δx
=− 2γLx√

x2 +h2
0

(2.9)
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Figure 2.7: Plot of the linear and non-linear restoring force. Compared with results of Surface Evolver. Here, a L = 1mm chip has been
used with lubricant height h0 = 50µm. The system is assumed to be in environmental conditions.
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The restoring force can be calculated for increased displacements. The plot in Fig. 2.7 shows the differ-
ences between the non-linear restoring force used here, a linearised force used in the linear model, and a
comparison made with Surface Evolver (SE). Additional explanations of the differences between a straight
and evolved surface made with SE can be found in Appendix A. Note that the direction of the force is opposite
to the displacement. This non-linear approximation is valid for a larger range of deformations and will there-
fore be used in this model [30]. The lateral stiffness is found by taking the derivative of the restoring force
concerning the displacement x:

k = δFc

δx
= 2γLh2

0

(x2 +h2
0)3/2

(2.10)

This model is solved by using a non-constant acceleration a(t ) as input and solving it numerically with
the Runge-Kutta method at each time step in MATLAB.

2.3.2. Results and Discussion
This section shows and discusses the results and trends recognized from the model. The investigated vari-
ables of interest are the acceleration magnitude a, lubricant height h0 and chip dimensions. The simulations
were performed by giving the model a sinusoidal acceleration a(t ) as input and calculating the maximum
lateral shift x as an output. The following parameters have been used to obtain the results:

Symbol Name Value Unit

ρs Density silicon 2300 kg /m3

ρw Density water 1000 kg /m3

µ Dynamic viscosity 8.9 ·10−4 Pa · s
γ Surface tension 0.0728 N m−1

Table 2.1: Parameters that have been used in the model to obtain the results in this subsection.

First, the variation in acceleration magnitude and lubricant height are presented. Fig. 2.8 displays two
graphs in which, on the left, the lateral shift of the chip is shown versus an increasing acceleration magni-
tude. Several lubricant heights have been fixed to demonstrate how the displacement increases for higher
accelerations and how this changes for different lubricant heights. A similar graph is given on the right, in
which the lubricant height is increased. Here, some acceleration magnitudes have been fixed, showing the
effect on shift.
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Figure 2.8: Graphs showing the effects of an increase in acceleration (left) and an increase in lubricant height (right) on the lateral
displacement of the top chip relative to the receptor. Here, chips of L = 1mm and th = 50µm are used.

Both graphs reveal similar characteristics. As expected, larger accelerations and lubricant height increase
the lateral shift. The results show linear patterns for smaller values of both a and h0. Whereas for acceleration
values higher than 40g the results become slightly parabolic and, therefore, non-linear. On the other hand,
the lubricant height seems to show a more linear trend than the increased acceleration magnitudes. The
model was expected to behave linearly for smaller displacements, as explained in formula 2.9. Moreover,
a contour plot is used to show the effect of both the acceleration magnitude and the lubricant height on
the lateral displacement demonstrated in Fig. 2.12. This graph shows that an increase in lubricant height
increases the shift relatively more quickly than an increase in acceleration. Therefore, it would be relevant for
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industrial applications to decrease the lubricant height as much as possible to operate at the highest possible
accelerations.
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Figure 2.9: Graphs showing the effects of a change in chip dimensions. The side length L has been varied as well as the thickness th.

The other variables investigated are the chip dimensions L and th. The first graph in Fig. 2.9 shows the
influence of the chip length for fixed constant thicknesses and increasing accelerations. The second graph
demonstrates the effect of an increase in length L for different thicknesses. The graphs show a similar pattern
as depicted in Fig. 2.8.
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Figure 2.10: Graph showing the lateral shift relative to the receptor. Here, a 1mm chip was used and accelerated at f = 50H z with a
magnitude of a = 30g . The lubricant height here was h0 = 40µm.

The model can also approximate under what conditions failure due to unpinning of the contact lines will
occur. This is possible since it predicts the lateral shift of the top chip for every time step. For example, if the
receptor accelerates with a = 30g at a frequency of f = 50H z, the shift for every time step is displayed in Fig.
2.10. If, for instance, the contact angle of water with the solids equals θ0 = 30o , the conditions under which
the contact line stays pinned are 30o ≤ θ ≤ 120o , assuming that all solid edges have an angle of φ= 90o . The
motion of the top chip can also be visualized. A screenshot of the chip at its maximum displacement is shown
as well as the boundary conditions for the edge angles in Fig. 2.11.

θ1

θ2

θ1

θ2

Figure 2.11: Screenshot of the visualization of the chip’s lateral displacement. Here, the receptor and chip are shown in grey and the
meniscus in blue. The angles θ1 = 120o and θ2 = 30o represent the boundaries of the edge angles. When these values are overridden,
unpinning of the contact line will occur. Note, that the angles might seem bigger, but this can be explained by looking at the scales of
both the x- and y-axis.
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If the boundaries for the edge angles are 30o ≤ θ ≤ 120o , the maximum displacement for every combi-
nation of an acceleration magnitude and lubricant height can be calculated. For higher values of h0, the
displacement should be larger to reach the maximum allowed edge angle. However, increasing h0 also de-
creases the lateral stiffness of the meniscus, which increases the shift. Results of the maximum shift of the
top chip for different combinations of h0 and a are visualized in a contour plot in Fig. 2.12. This plot can also
be used to visualize constraints. The screenshot shown in Fig. 2.11 shows that in this exact position, the edge
angle on the right is constrained by θ1 and on the left by θ2. The difference between θ1 and θ2 is always 90o .
An equally maximum displacement in both lateral directions can be reached if the contact angle is θ0 = 45o .
Now, the boundaries are 45o ≤ θ ≤ 135o . If the contact angle is increased or decreased, the boundaries will
also change, and the maximum possible angle will be exceeded more quickly in one of the directions. In the
contour plot, the dashed line represents combinations of h0 and a at which an edge angle of exactly θ = 45o

is reached. The green region shows combinations resulting in angles smaller than 45o , and in the red region,
the combinations result in larger values and, therefore, unpinning and failure of the RDC.
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Figure 2.12: Contour plot showing the displacement for different combinations of lubricant heights and acceleration magnitudes. The
dashed line indicates what combinations of h0 and a result in an edge angle of exactly θ = 45o or θ = 135o . If one of these values is
exceeded, the system will unpin and cause the RDC to disrupt. The combinations at which this happens is indicated with a red. For
combinations located in the green region, the system does not unpin.

The result of this graph suggests that the maximum acceleration that can be achieved without unpinning
is a = 90g . Theoretically, for smaller values of the lubricant height, the displacement should always decrease
and minimise the chance of unpinning. In theory, the constraint line should never cross the x-axis. However,
in reality, there must be a maximum acceleration since the displacements cannot become infinitesimally
small. Note that this plot is based on results for a 1mm sized chip. The possible acceleration magnitude
without unpinning will change for smaller or larger chip sizes. Three examples of the limits for a L = 2mm,
L = 500µm and L = 100µm can be found in Appendix C. In these cases, the acceleration limits were a ≈ 45g ,
a ≈ 180g and a ≈ 900g . This result also suggests that the system will still function within its stable region for
considerable lubricant heights. However, there is a limit to this height that is not included here. There are
studies indicating that there exists a critical volume for the droplet of RDC systems. This will be discussed
in more detail in Section 2.5. Also, the constraint given in this contour plot is based on a contact angle of
θ0 = 45o . Changing this value will change the position of the constraint line as well. The effect of different
contact angles is illustrated in Fig. C.4.
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2.4. Numerical 1D Non-linear Model: Tilt
As mentioned in the previous model, dry friction might occur when the contact lines unpin, and the lubricant
layer between the receptor and component disappears. Another reason that may cause this is the tilting
motion of the chip. Moreover, tilt may also affect the edge angles and therefore unpinning at the edges may
occur sooner than predicted in the previous model. Therefore, finding a model capable of predicting how
much the chip will tilt during accelerations seems necessary. Here an existing model is used and adapted to
predict the tilt for different magnitudes of shift [22].

x

z
-Fv,l

-Fs,l

-Fv,r
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T

T

Figure 2.13: Chip on a droplet in a tilted position. Based on figure from [14].

Again, a square component with side lengths L and thickness th is connected with a liquid bridge to a
receptor site with similar dimensions as the top chip. The meniscus is approached as a parallelogram. Only
this time, the height at both edges is allowed to change. The height h0, from the receptor to the centre of the
chip’s surface, does not change. Also, all heights are always smaller than the capillary length, and the surfaces
are assumed to be smooth and chemically homogeneous.

2.4.1. Liquid and Solid Physics
During the tilting motion of the chip, the surface tension and viscous forces will be rotating. Since the surface
tension forces are projected along the liquid surface, forces on the left-hand side of the chip are projected
along a different angle than forces on the right. This means that a torque is applied onto the chip with equal
inertial forces due to the rotating mass:

I
δ2β

δt 2 = T (2.11)

Of which the angular momentum of the chip can be derived as

T = Lm(Fs,r −Fs,l)−
L

2
(Fv,r −Fv,l) (2.12)

where Lm is the centre of gravity for half the pad, Fs and Fv are the surface tension and viscous forces.
The subscripts l and r indicate whether the force is on the left or right-hand side. Figure 2.13 illustrates the
situation with all the relevant dimensions and forces.

The viscous force is approximated as displayed in Fig. 2.14. Two vertical cylinders are assumed to support
the component, and they alternatively expand and compress. Based on squeeze flow theory, a viscous force
can be described mathematically that is required to realise these motions [14, 26]. The compressive force is
given as

Fv|compress = 2π
∫ r ′

0
p(L,h)r dr (2.13)

= 3πµvL′4

2h3

{
1+ 4

3

( h

L′
)2}

(2.14)
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in which p represents the pressure on the surface of one of the disks and r the radius of the disk. Now, the
expansion force equals

Fv|expand =−Fv|compress (2.15)

Fv/compress

F

Figure 2.14: Schematic representation of the compressive and expanding viscous force during the tilting motion. Figure based on [14].

2.4.2. Coupling with Lateral Shift
Coupling the tilting motion of the chip with the lateral shift requires several simplifications to solve the model.
First, both edge angles,αl andαr , at the bottom will be considered equal. This allows us to use the calculated
surface tension forces of the first model from Section 2.3 for every time step. These values are used as input for
the current model. This force must be transformed such that it projects in the same direction as the surface
tension force in the current model:

Fs,l =−Fs,r = Fc

2

h

x
=− γLhp

x2 +h2
(2.16)

The capillary forces are calculated in the model from Section 2.2 and used as an input in the tilting model
equation 2.12. The angle β and viscous forces depend on the free variable h, which leaves a second-order
differential equation numerically solved by the Runge-Kutta method at each time step in MATLAB.

x

h0 + dv 

L

Figure 2.15: Figure illustrating how the results from the model described in Section 2.2 are used to find the tilting motion. The dashed
lines indicate what the position is according to the tilting model. At this position, the centre height is kept the same and a tilt is introduced
resulting in a vertical shift at the corners of the chip dv . The total height is represented as h = h0 +dv .

2.4.3. Results and Discussion
The calculated outcomes of this model are the vertical shift of the top chip’s left and right bottom corners.
Moreover, the tilting angle of the chip β is calculated in degrees. Again, the variables that have been in-
vestigated are acceleration magnitude a[g ], lubricant height h0[µm] and chip dimensions. The following
parameters have been used:

Since the vertical displacement and tilt are strongly dependent on the results from the model from Section
2.2, the variables a, h0 and dimensions L and th show equal characteristics. The graph in Fig. C.6 shows that
a change in h0 affects the displacement more than a. The vertical displacement increases as well for an
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Symbol Name Value Unit

L Length chip/receptor edges 1000 µm
th Thickness chip/receptor 50 µm
ρs Density silicon 2300 kg /m3

ρw Density water 1000 kg /m3

µ Dynamic viscosity 8.9 ·10−4 Pa · s
γ Surface tension 0.0728 N m−1

Table 2.2: Parameters that have been used to obtain the results in this subsection.

increase in both of these values. For acceleration values of a > 50g and h0 > 40µm the results become slightly
non-linear. Chips with smaller side lengths and thickness results in smaller displacements and lower tilting
angles.

As in the previous model, the vertical shift relative to its starting position and the tilting angle for every
time step has been visualized in C.5. The screenshot of the corresponding position at its maximum tilt and
displacement is shown in Fig. 2.16. The four edge angles do not show symmetry, as with only a lateral shift.
Now, every edge angle has a different value, with θa = 114o , θb = 74o , θc = 67o and θd = 105o . Compared to
the previous situation, the angles were θa = θd = 108o and θc = θb = 72o . This shows a maximum difference
of approximately 8o , which is significant. The result of implementing this into a contour plot is shown in Fig.
2.17. This plot shows that when tilt is included, the accelerations at which unpinning occurs for equivalent
gap heights have decreased to a value of a ≈ 75g . This demonstrates that it is important to include the tilting
motion of the chip as well to predict the unpinning.
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Figure 2.16: Screenshot of the maximum displacement and tilt after a a = 30g acceleration with a lubricant thickness of h0 = 30µm. In
this situation the angles are θa = 114o , θb = 74o , θc = 67o and θd = 105o .

It may happen that, when the tilting motions are large enough, the top chip will touch the bottom receptor
at some point. The contour plot in Fig. C.6 shows how the vertical displacement of one of the corners of
the top chip is dependent on different combinations of lubricant height and acceleration magnitudes. A
significant result from this plot shows that the vertical shift will never be larger than the lubricant height.
Thus theoretically, the top chip will never touch the bottom receptor.

2.5. Minimum and Maximum Critical Volume
The previous models described the lateral shift and tilt of the chip, but they did not mention any constraints
concerning the minimum or maximum volume of the liquid. The concept of capillary length Lcap =√

γ/ρw g
can be a useful tool to estimate the maximum gap height. Here, γ and ρw represent water’s surface tension
and density, and g is the gravitational constant. This constant is replaced with an acceleration a so that the
capillary length can indicate the maximum height at high accelerations. For instance, a droplet of water in
the air at room temperature has a capillary length of approximately Lcap = 2.7mm. If the gap h0 is smaller
than this length, the surface tension forces will dominate the external accelerations. According to the graph
depicted in Fig. 2.18, the capillary length at a = 80g is approximately Lcap = 100µm.

In most cases, the RDC will have a gap much smaller than the capillary length for all accelerations. There-
fore, this concept is insufficient to constrain the maximum height h0. Below the capillary length, too large
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in which only lateral shift is considered. The blue line includes the tilting motion as well. Again, the red region represents combinations
of h0 and a resulting in exceeding the boundary values of the edge angles causing the RDC to unpin. Combinations in the green region
result in maintaining an intact RDC.

volumes of water can cause misalignment, and a tilted position of the chip [4, 42]. Contrarily, too little liquid
might not be enough to wet both surfaces of the receptor and chip, resulting in dry friction between these
two solids. Therefore, there might be an optimal value for the liquid volume to maximise the alignment ca-
pabilities and capillary forces. However, there is a lack of knowledge on how much liquid should be provided.
For example, one study suggests that a gap height of h0 = 125µm should be used to obtain the best align-
ment performance of 1mm sized dies [3]. Another study mentioned that the highest yield of 300µm chips
was achieved for volumes between V = 1.8nL and V = 2.7nL, corresponding to heights of h0 = 19µm and
h0 = 30µm [40]. However, these studies concerned static situations. Another recent study shows that the
minimum required volume to capture a 600µm chip is V = 2.5nL, corresponding to a height of h0 = 7µm [7].
This indicates that the minimum required volume during accelerations can be, preferably, lower than during
the capture of a chip. Since the minimum and maximum values cannot be calculated, these must be found
experimentally.
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Figure 2.18: Capillary length in environmental conditions for an increase in acceleration.



3
Investigating the Stability Region

The previous chapter demonstrated several models that describe the dynamics of an RDC system subject to
accelerations. A laboratory setup was built to get a better understanding of the reliability of these models and
to gain new insights. Again, a system consisting of a receptor connected with a liquid bridge to a component
is considered and subjected to high accelerations. Several experiments demonstrate the effects of some vari-
ables. Choices for these tests are explained first, followed by explanations of how these were performed and
with what setup and materials.

The main objectives of this chapter are:

• Find suitable experiments to demonstrate the effects of parameters and variables of the system.

• Understand the most important variables and how large their influence is.

• Observe what failure modes occur, how often these take place and how these happen.

• Compare the found results with the previous shown models.

Figure 3.1: A square silicon chip is glued onto a glass substrate to function as a receptor. An inkjet head is used to deposit water on top
of this droplet, whereafter a chip is deposited with tweezers. The glass substrate is connected to a shaker with a 3D printed holder. All
observations are made with two high-speed cameras. One is placed directly in front of the substrate, a second camera is filming from an
isometric perspective (not illustrated). Entire setup is placed on top of an anti-vibration table. Figure is based on a schematic from [7].

19
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3.1. Experimental Setup
The setup used for the experiments is illustrated in Fig. 3.1. A square silicon chip of L ×L × th was glued
on top of a glass substrate to function as a receptor. A minimal amount of epoxy kept the chip in place
to preventing glue from spreading from under the component. A 3D-printed holder made from PLA keeps
the glass substrate in place. This holder’s design is such that the substrate is easily replaceable. The holder
is mounted onto a shaker (TIRA Vibration Test System TV 51110) capable of delivering frequencies up to
7000H z and accelerations up to 45g . The components and liquid were handled with tweezers during the first
experiments. In some cases, the liquid was deposited using an inkjet nozzle from an industrial printer, whose
position is controlled by an XY-stage (Thorlabs - Linear Translation Stage). Two high-speed cameras (IDT-
NX4 S1) did all observations, of which one camera was placed directly in front of the system (lens: Telecentric
58432), and the other filmed from an isometric perspective (lens: Telecentric 88346). A bright white LED
shined towards the first camera, creating a high-contrast image. Typical pictures from the captured videos
are shown in Fig. 3.2. All setup parts were placed on an anti-vibration table to prevent external forces and
vibrations from disturbing the experiments.

Figure 3.2: Pictures of an RDC system placed on top of a glass substrate. In both cases 2mm square silicon chips have been used as
receptor and component. The picture on the left shows a front view of the system, scale bar = 250µm. The picture on the right shows the
same system from an isometric perspective, scale bar = 500µm.

3.1.1. Generating Lateral Accelerations
The linear shaker is connected to an oscilloscope (Tektronix - TDS2014) and controlled with MATLAB. The
input signals are sinusoidal, with a maximum number of periods and logarithmic frequency sweeps. Here,
the signal’s frequency [H z] and amplitude [V ] can be selected. The peak acceleration of these motions is
found with an accelerometer but can also be calculated with

apeak = (2π f )2

g

ds

2
(3.1)

where f and ds are respectively the frequency and peak-to-peak distance of the displacement, and g the
gravitational constant (= 9.81m/s2). During initial tests, a discovery was made suggesting that the position of
the shaker was drifting towards its mean position. The result is presented in Fig. 3.3, in which the position of
the shaker was measured. Here, the input of the shaker is a total of 30 periods at a frequency of 200Hz with
an output amplitude of approximately 70µm.
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Figure 3.3: Graph showing the displacement of the shaker. A sinusoidal input was used with a frequency of f = 200H z and an amplitude
of approximately 70µm. The shaker started from rest after which it oscillated for a total of 30 periods up until it stopped.

This graph shows that the shaker takes about t = 0.05 seconds or ten periods to settle around its mean
position. Other amplitudes show an equivalent pattern with approximately the same number of periods
required to settle. Since the position is shifting, the length of every stroke cannot be the same, meaning



3.1. Experimental Setup 21

that the acceleration will be different at these peaks. Therefore, it is essential to perform experiments with a
number of periods higher than the required ones to settle (>10).
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Figure 3.4: Graph showing the result of the measured position of the substrate. A frequency from f = 50H z up to f = 150H z was
performed within 8 seconds. The x-axis in this figure shows the frequency that corresponds the frequency of the shaker at that time.

Furthermore, during preliminary experiments, an eigenfrequency of the shaker was found at around
f = 100H z. This result is shown in Fig. 3.4. According to the shaker’s supplier, the device’s first resonance
frequency should lie above 6500H z. Students who have previously worked with this shaker found that an-
other shaker frequency lies around f = 35H z. The eigenfrequency here is probably a result of the 3D printed
holder or the glass substrate. Therefore, all further experiments should avoid frequencies around f = 100H z.

3.1.2. Volume Control and Evaporation Time
At the start of this research, an inkjet nozzle from an industrial printer was used to shoot droplets at the
receptor site. This nozzle was mounted on an XY-stage capable of moving with an accuracy of approximately
5µm per incremental movement. Because of the droplets’ small size, the volume deposited onto a receptor
can potentially be controlled well. Fig. 3.5 shows a 2mm square silicon chip on which water was being
deposited. This experiment shows the boundaries of Gibbs’ inequality: a substantial amount of water can
stay pinned at the edges since the maximum edge angle has not been overridden yet. By increasing the
volume slightly with the inkjet nozzle, the size of the liquid sphere gets more extensive. Therefore, the edge
angle increases until the contact line unpins and overflows.

Since the inkjet nozzle malfunctioned many times, it was not used to deposit droplets during most ex-
periments. Instead, water was deposited onto the receptor by hand using tweezers. This method does not
offer much volume control. Therefore, a solution was found to be still able to control the volume between
receptor and chip. Placing a chip on top of a droplet forms an RDC configuration. By looking at the live im-
age of the front view camera, the height of the water layer was measured with a digital calibrated ruler. By
assuming straight edges of the meniscus between the receptor and chip, the volume can be approximated by
calculating the volume of a cuboid.

Figure 3.5: Two pictures showing a front view of a 2mm square silicon chip with water on top. Picture on the left is just before unpinning
occurs. Picture on the right shows the overflown situation. Scale bar = 1mm.

The evaporation time of the droplets varied significantly for different chip sizes. Relatively large volumes
on 2mm chips (V ≈ 1µL) evaporated in approximately 5 minutes. For 1mm sizes chips (V ≈ 0.1µL), this time
decreased to roughly 2 minutes. For chips of L = 150µm the droplets (V ≈ 0.8nL)) even evaporated in about
25 seconds. However, when a chip is deposited on top, minimizing the surface exposed to the ambient air
drastically, the evaporation time increases significantly. In the case of a L = 2mm chip, the evaporation time
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of the entire lubricant film increased from 5 to approximately 25 minutes. For industrial applications, it could
be relevant to look at DMSO or mixtures of water and glycerol to increase the evaporation time.

3.1.3. Chip Placement and Re-positioning
During all experiments, chips were placed by hand with a pair of tweezers. Every chip was released a few
millimetres above the receptor and captured by the droplet. In most cases, the chip touches the droplet in a
significantly tilted position or relatively far away from the receptor’s centre. After the liquid touches the chip, it
was mostly still able to align the chip well. Fig. 3.6 shows three pictures of the chip placement. Often, the chip
was positioned in a (slightly) tilted pose. According to a previous study and confirmed experimentally, it is
possible to re-position the system to a horizontally aligned position [42]. If the liquid volume is large enough,
vibrating the system at a specific frequency will force the chip to leave its tilted pose. After the vibrations have
stopped, the chip is often positioned horizontally.

Figure 3.6: Three pictures of the capture of a 1mm sized chip by a liquid droplet. (a) Chip in freefall. (b) Droplet starts to touch the chip.
(c) Final (tilted) position. Scale bar = 500µm.

3.1.4. Component Types and Surface Treatment
All experiments have been performed with thin square silicon microchips from the same wafer, all with a
thickness of th = 50µm. Chips with side lengths of L = 2mm and L = 1mm have been used. In Section 2.2
the assumption was made that the edges of the chips are φ = 90o . Two samples of the desired chip sizes
from the wafer were taken and investigated under the scanning electron microscope (SEM), as seen Fig. 3.7.
The pictures show that the 1mm sized chip has straight edges without much jaggedness. However, a chunk is
missing from the edge, probably due to tweezer handling. The picture of the 2mm chip reveals rougher edges.

Figure 3.7: Figure (a) shows an SEM image of one of the edges of a 1mm square silicon chip. The red rectangle indicates what part is
magnified and is shown in (b). Bottom figures (c) and (d) are SEM images of a 2mm square silicon chip. Again, the red rectangle on the
left shows what part is magnified and shown in (d).

Plasma cleaning is a treatment capable of influencing the contact angle of water on solid surfaces. An
advantage of using this is that the chance of facing contaminants decreases, and the contact angle is more
or less equivalent in every experiment. A comparison between the contact angle before and after plasma
treatment is shown in Fig. 3.8. The pictures show that the surface after treatment has become much more
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hydrophilic, decreasing the contact angle significantly. However, this does mean that the maximum edge
angle at which overflow occurs also decreases. This was a disadvantage for the chip placement because it
was more challenging to form an RDC system successfully. Instead, chips were replaced more often and we
accepted the presence of contaminants and variations in wettability properties. The surface stuck to the wafer
tape was always facing towards the liquid. Also, the surfaces were cleaned with ethanol in between tests.

55°
9°

Figure 3.8: Contact angle before (left) and after plasma treatment (right). Scale bar = 500µm.

3.1.5. Observation with Tracking Algorithm
Two high-speed cameras observed the chip’s displacement, after which a tracking algorithm measured the ex-
act position in every frame. The algorithm is a point tracker using the Kanade-Lucas-Tomasi feature-tracking
algorithm, which is built-in in MATLAB [12]. In the first frame, all four desired corners are detected. The next
frame finds the same corners within a chosen region of interest. Doing this for all frames allows for calculat-
ing the lateral and vertical shift between receptor and chip. Since chip sizes are known, the positions of the
corners also allow for the calibration of the algorithm.

Figure 3.9: Screenshot of the four corners found by the point tracker algorithm., indicated by the crosses in yellow, red, green and blue.
Scale bar = 500µm.

Measuring the positions of all corners directly from the camera frame still contains a small error. In this
case, the substrate is assumed to be moving in a perfect horizontal direction. However, in reality, the sub-
strate is always moving in a slightly tiled position. Therefore, the measured lateral and vertical displacement
will always be slightly different. The error is much smaller than lateral displacement and can therefore be
neglected. However, for the vertical displacement, this error is significant. The graphs in Fig. 3.10 show the
difference in the measured vertical position of one of the corners of a chip. The results on the left show a
sinusoidal movement just before and after the accelerations. Moreover, during the 30-period lasting accel-
erations, the shift moves in a sinusoidal pattern. Measuring the exact vertical displacement relative to the
bottom receptor eliminates these errors. Additional explanations of this is shown in Appendix D.
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Figure 3.10: Graphs showing the difference of measuring the vertical displacement directly from the video (left), and the result after using
a correction for the tilted substrate (right).
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3.2. Experiments
This section describes the experiments and how these have been performed. In order to observe the exis-
tence of eigenfrequencies, frequency sweeps have been used. Not only does this answer one of the research
questions, but it is also essential to do this experiment first to prevent the following experiments from being
influenced by these frequencies. Next, experiments were conducted to find the effect of variables such as the
chip size, water volume and acceleration magnitude. The failures and how often these occur have also been
noted during all experiments.

3.2.1. Frequency Sweep
To be able to find eigenfrequencies in an RDC system, frequency sweeps have been used as a tool to find
them. Using a logarithmic frequency sweep instead of a linear one, all periods of every frequency are of equal
lengths. This increases the chance of finding the eigenfrequencies. Since the high-speed cameras only allow
filming for a short period (< 15s), the first experiments were done in segments of short frequency ranges
(< 50H z). However, this is very time-consuming. Therefore, all following experiments were performed using
longer sweeps (= 120s) and more significant frequency ranges (= 100H z). During these tests, the oscilloscope
shows at all times at what frequency the sweep is. Looking at the live image should show if the movements of
the top chip increase at specific frequencies.
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Figure 3.11: Phase diagram obtained by looking at the input (position receptor) and the output (relative shift chip) for different frequen-
cies. A L = 1mm chip has been used.

Tests were performed with chips of L = 1mm. After several sweeps, ranging from f = 100H z up to f =
1200H z, no eigenfrequencies were observed in the live image. Therefore, several tests were done in which
the input and output of the system were compared to each other. At frequencies ranging from 100 up to
1000H z with steps of 100H z, the position of the receptor (input) and the lateral relative shift of the top chip
(output) were tracked with the tracking algorithm. These results show that for an increase in frequency, the
phase difference increases as well. At approximately f = 700H z, the phase lag remains at around 150o and
keeps slightly increasing. Especially from 200H z up to 600H z, the phase increases greatly from a low phase
lag up to 150o . This could indicate that halfway between these frequencies, there exists an eigenfrequency.
Another indication of an eigenfrequency could be an increase in the relative shift of the chip. However, as
the frequencies increase, the amplitude of the shaker drastically decreases. From f = 1000H z and higher, the
lateral shift of the top chip is x < 2µm making it difficult to observe. Therefore, it was impossible to get useful
data from the magnitude plot. Future investigations should use a linear shaker that can maintain a constant
amplitude for different frequencies.

3.2.2. Start-Stop Phenomena and Variation of Variables
The characteristic motion at the start, during accelerations and towards rest is investigated with experiments
in this section. Here, three variables are changed to investigate their effect on these motions and their in-
fluence on failure. Experiments have been performed with two different chip sizes (L = 1mm,L = 2mm), a
variation of lubricant layer thicknesses and different acceleration magnitudes. Since the shaker shows drift
and eigenfrequencies should be avoided, all experiments here are performed at f = 200H z for 30 periods.
Between all series of tests, the receptor is cleaned with ethanol and the top chip is replaced by a new one.

The first figure shows the results of a variation in lubricant height. A chip size of L = 2mm has been used
and all experiments have been performed at a constant acceleration of a = 22.5g . The results show the lateral
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shift of the chip relative to the bottom receptor. As expected, an increase in lubricant height also increases
the shift. This effect seems to be relatively linear with the increase in h0. The model predicted that, for these
values, the shift should increase linearly. Additional results presented in Fig. E.3, Fig. E.4 and Fig. E.5 suggest
that this is indeed true.
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Figure 3.12: Three graphs showing the lateral shift of a L = 2mm chip relative to its receptor. In all situations the acceleration was kept at
a = 22.5g . The lubricant height varied to show its effect on the displacement. The two graphs in the bottom are a magnified plot of the
top graph.

For higher lubricant heights, the system’s damping in the lateral direction seems to decrease. For a thick-
ness of h0 = 54µm, the system requires more time to oscillate towards the equilibrium position compared
to smaller thicknesses. This could be explained by looking at the viscous forces calculated in 2.4, which de-
creases for an increasing lubricant height. The viscous force is dependent on the relative speed between two
plates (here, the receptor and chip) and can therefore be approximated as the lateral damping of the system
[47]. Also, there seems to be an increase in a lateral shift during the first ±10 periods. This corresponds to the
starting behaviour of the shaker, but it cannot be concluded yet if this is the leading cause. Another reason
could be that the system needs time to adjust to the movement of the shaker due to the inertial effects of both
the liquid and mass of the chip.
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Figure 3.13: Results of the vertical shift of one of the corners of a chip (left), and the tilt angle of the chip (right). Numbers are shown for
an increased value of h0. Results are from experiments with a 2mm sized chip accelerated at 16.9g at a frequency of 200Hz. The dashed
line indicates a fitted polynomial of degree 1 found with the least squares method.
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The vertical shift of the corners and the chip’s tilt angle have been measured as well and are shown in
Fig. 3.13. These graphs show that the vertical shift and, therefore, the tilt decreases for a smaller lubricant
height. When the vertical motion of the chip becomes very small, it is more difficult to measure the exact
displacement. This is because of the limitations of the tracking algorithm and the number of frames that
have been shot. These results could be improved by increasing the number of frames per second during
filming or improving the image’s contrast.

Next, the effect of changing the accelerations is investigated. The relevant figures can be found in Ap-
pendix E. As expected, increasing the acceleration magnitude increases the lateral shift of the chip as well.
Note that more than doubling the acceleration (12.1g compared to 22.5g ) does not result in a doubling of
lateral shift. In these cases, the maximum shift increases from ≈ 37µm to ≈ 50µm. The model from Sec. 2.3
predicted that the shift should increase linearly for an increase of accelerations up to a = 40g . However, it
seems that the shift already increases non-linearly at lower accelerations.
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Figure 3.14: Scatter plot of the difference between the lateral shift in case of a 1mm and 2mm chip. Error bars originate from the mean
displacement of the top left and right corner, and the resolution of the camera. The dashed lines indicate the trend of both results. The
dashed line indicates a fitted polynomial of degree 1 found with the least squares method.

The last variable that has been investigated is the chip length L. Several experiments with fixed lubricant
heights have been performed to find its effect on the lateral shift. Fig. 3.14 shows the results of the shift of
a 1mm chip and a 2mm chip at equal accelerations. It shows that a smaller chip size results in a decrease
in the shift. This does not directly mean that this is because the mass of the chip has decreased. A smaller
chip also results in a smaller volume of water between the receptor and chip, decreasing the inertial effects
of the liquid. Future research could focus on making the chip lengths dimensionless to find out if the shift is
decreasing linearly with a decrease in chip size.
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Figure 3.15: Two plots showing a comparison between the non-linear model describing only shift (blue) with one of the experiments
(red). Both the model and experiment were executed at a frequency of f = 200H z for 30 periods, acceleration of a = 22.5g and a lubricant
height of h0 = 54µm.
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The shift predicted by the non-linear model described in the previous chapter is compared to experimen-
tal data. One example of this comparison is shown in Fig. 3.15. Here, in both situations, a chip of 2mm has
been accelerated up to 22.5g for a total of 30 periods at 200H z. The lubricant height in both situations was
h0 = 54µm. The motions of both experiment and the model follow each other in several ways. A visualization
of this can also be found in Appendix E. Both graphs show a similar sinusoidal motion for all 30 periods, and
they both require approximately 0.025 seconds to oscillate to their equilibrium position after the accelera-
tions have stopped. Compared to other experiments with different values for h0, L and a, these equalities
are also valid. However, there are some differences too. During most experiments, the time required to oscil-
late towards the equilibrium position is much shorter than in the model. This could be explained by higher
damping of the meniscus in reality. Many assumptions have been made regarding the liquid bridge. For in-
stance, the inertial effects of the liquid have been neglected, and the shape of the meniscus has been assumed
to have straight edges all the time. Another difference is the measured lateral displacement compared to the
predicted shift. In Fig. 3.15, the difference in peak displacement measures a total of 15µm. This can also
be explained by all the assumptions made in the model. Also, the measurements have a certain amount of
error. For instance, the lubricant height has been measured with a digital ruler, possibly resulting in an error
of several microns. The model also assumes that the receptor and chip are perfectly shaped rectangles with
smooth surfaces and sharp edges. While in reality, this is not the case as was described in Sec. 3.1.4. Addi-
tionally, the model shows some extra peaks and a significant dip at the starting motion. This could be due to
the sensitivity of the non-linear equation.

3.3. Stability Region
During all experiments described in the previous subsections, situations in which unpinning occurred have
also been noted. These results, combined with the predictions made in Chapter 2, provide a region where the
RDC should remain intact after accelerating. The models and theory predicted that the contact lines should
be unpinning if the edge angles exceed specific boundary values. This results in overflow and misalignment
of the chip. Theoretically, it should be impossible that dry friction occurs due to the tilting of the chip. A
scatter plot in Fig. 3.16 shows the number of failed versus successfully performed experiments. Here, success
means that the RDC configuration is still intact after accelerating. A chip size of L = 2mm has been used in
these tests.
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Figure 3.16: Scatter plot showing the results of experiments that resulted in success versus failure. Here, success means that the RDC
configuration is still intact after it has accelerated for a total of 30 periods. Otherwise, the system has failed. The black dashed line
represents the position at which most successes seem to transition into failure. All experiments have been performed with 2mm sized
chips with a variation in lubricant height and acceleration magnitude.

In general, the results show that larger values of h0 and a result in a higher chance of failure. There seems
to be a decreasing trend in the chance of success, corresponding to an increase in acceleration for constant
values of h0. In some cases, the experiments have resulted in unpinning, where the RDC remained intact for
equivalent accelerations but with larger gaps. The variation between the experiments can explain this. The
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contact angle strongly affects the boundary limits of pinned contact lines and deviated with ±5o between
tests. Other explanations could be unwanted contaminants, damaged edges or misalignment and tilt of the
chip at the beginning of the experiment. Based on these results, finding the exact boundaries of a region in
which the RDC will remain stable is not possible. However, it does give an idea of where this region probably
lies.

a [g ] h0 [µm] x[µm] θ0 [o] θmax [o] θmi n [o]

16.9 48 23 51 NA NA
16.9 51 36 52 162 19
22.5 50 68 58 167 12
22.5 54 59 56 NA NA
32 37 87 54 171 8

Table 3.1: Overview of the failure conditions in terms of acceleration a, lubricant height h0, lateral shift x, measured contact angle θ0,
and the maximum and minimum edge angles. NA means that the data was not available.

Not all experiments failed after exactly 30 periods. An example of the shift of a chip during failure can be
seen in Fig. 3.18. The red box in these figures indicates the moment at which unpinning of one of the contact
lines occurs. In the left graph, a constant oscillating shift is suddenly interrupted by a higher peak, after which
the shift increases significantly. The tilting angle on the right does not show any noticeable movements. Other
experiments confirm the behaviour observed in these graphs as well. The parameters and measured results of
several tests that failed are summarised in Table 3.1. The lateral shift shown in this table is the maximum value
the chip reached in the period before unpinning occurred. Since not all videos captured the actual unpinning
of the meniscus, it is difficult to say at what exact values the unpinning occurred. However, what is noticeable
from this data, are the maximum and minimum values that the edge angles have reached before unpinning.
Note that after these values were reached, the system was still intact. Theoretically, the contact lines should
have unpinned at values just below the contact angle θ0 and above θ0 + 90o . If only one of these values had
been exceeded, it could be explained by an error in the measured contact angle. Another explanation could
be found in the assumption that all surfaces are approached as straight lines. Perhaps, the liquid surfaces are
differently shaped during large displacements. Future work could focus on explaining this.

Figure 3.17: Six screenshots showing the motion of a 2mm chip on a liquid with h0 = 37µm accelerated with a = 32g . 1) The system at
rest 2) 3) Shaker starts accelerating to the right and left. 4) Contact line at the bottom right starts to unpin. 5) Liquid starts overflowing
on the right. 6) Failed configuration.

Some critical moments during the motion of a chip before, during, and after unpinning of the contact line
have been captured. This footage’s screenshots are shown in Fig. 3.17. Six steps are shown from the starting
’rest’ position up until failure. The arrows indicate the direction the substrate and receptor are moving in.
An important detail can be seen in step four. At the bottom right, unpinning of the contact line is visible.
Immediately after this line has unpinned, the lateral shift increases significantly, and the liquid starts over-
flowing on the left side. Once that happens, the system cannot re-align and finally, 6) dry friction between
the top chip and bottom receptor prevents the system from moving. From this perspective, the overflow only
happens at the left edge. The second camera, filming from the side, confirms that in all cases, the liquid only
overflows at one side of the edges once it happens.
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Figure 3.18: Two graphs showing the lateral displacement and tilt angle of the chip shown in Fig. 3.17. The red box indicates the moment
at which one of the contact lines unpins.

For values of the gap height smaller than h0 < 10µm, the component shift shows different results. Re-
sults of this are given in Appendix E. The chip keeps moving sinusoidally in both lateral directions, but rapid
movements occur at the peak displacements. This happens in most experiments, and this behaviour strongly
increases when the gap height decreases below h0 = 10µm. A possible explanation could be the camera’s res-
olution of approximately 1.5µm. Another explanation could be the existence of dry friction. On the captured
images, it is difficult to see if the chip and receptor physically touch. Therefore, this cannot be confirmed. As
mentioned in section 2.5, other experiments did observe this and recommended using a minimum volume
to prevent dry friction.

Combining the results from Chapter 2 with the found results here approximates a stability region for a
2mm sized chip. The plot in Fig. 3.19 indicates with red combinations of h0 and a, which will most likely
result in misalignment, tilted positions of the chip, dry friction or unpinning of the contact lines. The green
area represents combinations of h0 and a, likely to maintain the RDC after accelerations. The red dashed line
shows the combinations of a and h0 at which unpinning occurs according to the model. The black dashed
line indicates when most of the unpinning occurred based on experimental results. This difference can be
explained by a variance in contact angle between the experiments, impurities of the chip’s and receptor’s
edges or unwanted contaminants. Also, the black dashed line is less steep than the red line. This could be
explained by the lack of constraining the maximum water volume in the model. Too much liquid can result in
a tilted pose of the chip, or the extra mass of the liquid could play a more significant role in the movements of
liquid and chip, making the system more unstable. Finally, the blue dashed line represents the boundary at
which the chance on dry friction increases significantly. The found results from the experiments only indicate
that this likely happens but cannot confirm it. However, the results combined with experience and data from
similar investigations are convincing enough to set this boundary.
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4
Conclusion and Recommendations

This research explains how capillary interfaces can contain and align small components subjected to high
accelerations. Two models predict how an RDC configuration will behave when the receptor is accelerating
and were compared to outcomes from an experimental setup. Up to now, research mainly has focussed on
static situations rather than a moving system. This investigation shows the results of a dynamic situation and
explains where the stability limits of such a system lie. As stated before, this study answers the following re-
search question:

"What are the limits to the alignment capabilities of a liquid bridge between receptor and component sub-
ject to high accelerations?"

Failure Modes
One of the sub-questions supporting the main research questions is: "What failure modes do exist that disrupt
the liquid bridge and what causes these to happen?". This study predicts and observes two failure modes:
unpinning of the contact lines and dry friction. A contact line unpins when the edge angles of the meniscus
are small or large enough. These boundaries are given by Gibbs’ inequality condition, which strongly depends
on the contact angle of the liquid and the topological edge angle of the solid. When a contact line unpins, the
meniscus starts to overflow, disrupting the liquid bridge and making it impossible for the system to re-align.

If the contact angle on the solid surface changes, the maximum and minimum values for the advancing
and receding angles also change. Maximising these stability boundaries requires the advancing angle to be
as small and the receding angle as large as possible. However, no treatment or solution yet exists that can
provide both. There is always a trade-off between these values. Therefore, a contact angle of θ0 = 45o is a
compromise maximising the stability limits in the case of a solid edge of φ = 90o . The other failure mode
occurs when the top component is in contact with the bottom receptor and cannot move due to dry friction.
Here, the system is not able to re-align either.

Modelling the System
The second sub-question is: "How can the lateral displacement and tilting of the component during accel-
erations be modelled?". This study shows a non-linear model based on the minimisation of surface energy
to predict the lateral shift relative to the receptor. Surface Evolver, a computational software, validated the
model’s stiffness and shows that this element is very accurate. A second model based on squeeze flow the-
orem uses the first model’s results and predicts the chip’s vertical motions and tilt. Tough the model is non-
linear, the results show that for values up to h0 = 30µm, a = 40g and L = 1mm the system behaves rather
linear. Both models indicate that a decrease in variables such as lubricant height, acceleration magnitude
and chip dimensions decrease the resulting displacements. Here, the lubricant height affects the displace-
ments the most and can therefore be seen as the most important variable.

An experimental setup with high-speed cameras and rectangular chips of L = 1mm and L = 2mm com-
bined with water as a lubricant has been used. A well-working tracking algorithm with high resolution ob-
tained all shown results. The experiments confirm the trends and behaviour of the variables as predicted
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in the models. For lower values, the relative displacements decreased, and the results show linear trends.
Smaller lubricant heights and chip sizes result in reduced lateral and vertical displacements. Also, for the first
time tilt of a chip during accelerations has been captured. The experiments show that for smaller values of
the variables, the tilt angle also decreases. Simulated motions of the top chip during oscillating accelerations
show a similar pattern to the experiment.

However, the experimental results’ magnitudes show some differences compared to the models. These
can be explained by looking at the assumptions made at the beginning of every model. Moreover, environ-
mental conditions and better control of liquid volume and component deposition could improve the results.

Eigenmodes
The experiments also give new insight into the existence of eigenfrequencies. Chips of L = 1mm show that
at some frequencies, the relative displacement increases and that the system is moving more out of phase.
This might indicate that close to these frequencies, eigenmodes exist, affecting the movements of the chip
and meniscus. The models do not describe these, and experiments only show that they are possibly there.
Future research could focus more on predicting and observing the existence of these eigenfrequencies. Using
a shaker that provides a constant magnitude and liquids evaporating slower could be helpful in such experi-
ments.

Stability Region
The third supporting sub-question is: "What methods exist to predict when a component is lost during trans-
port due to accelerations?". Based on the models, a descending trend exists representing combinations of
a and h0 resulting in the maximum possible edge angles during accelerations. According to this, chips of
L = 2mm should be able to accelerate up to a = 45g without unpinning. The model also suggests that it is
crucial to include tilting effects since these also influence the edge angles. The experiments revealed that
chips of these sizes unpin at lower accelerations and smaller lubricant height values than the model. The
reason why there is no clear boundary in the experimental results can be explained by a variation in contact
angle between the experiments, unwanted contaminants or damaged edges. Also, the system unpinned for
relatively high lubricant heights at smaller accelerations. This can be explained by the lack of constraining the
maximum volume of water in the model. Too large volumes of liquid may result in a tilted pose of the chip
or a significantly moving mass of water, making the RDC system unstable. Future research could focus on
implementing these concepts into a model to make it more conservative. For smaller chip sizes of L = 1mm,
the RDC configuration remained repeatedly intact for accelerations up to a = 35g . This result confirms that
the system is more stable for smaller chip sizes. Future studies could focus on decreasing the chip size and
finding stability limits at even higher accelerations. This study shows that capillary interfaces can handle and
transport small parts at very high accelerations under the right conditions. Therefore, this technique seems
very promising to integrate into high dynamics transport machines.
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A
Results Surface Evolver

This chapter shows some extra results that were found using the computational software Surface Evolver.
This program finds surfaces that are shaped by surface tension and other surface energies [6]. From an initial
stated surface, the surface evolves towards a minimum energy by a gradient descent method. Example results
can be seen in Fig. A.1 and Fig. A.2.

Figure A.1: Screenshots taken from Surface Evolver. System on the right is before evolving the surface, and on the right after evolving.
Here, a chip of 1000× 1000 × 50µm is used and lubricant height of h0 = 50µm. Other parameters assumed to be in environmental
conditions. Here, the green block represents the chip and the blue block the receptor.

Figure A.2: Equivalent situation as described in Fig. A.1, only now a lateral shift of x = 100µm of the top chip relative to the bottom
receptor is introduced.
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38 A. Results Surface Evolver

Figure A.3: Screenshot of Surface Evolver. Here, a L = 1mm chip is connected to a receptor of equal dimensions with a liquid bridge with
height h0 = 50µm. This situation is before minimising the surface energy of the liquid.

Figure A.4: Screenshot of the same system as described in the previous figure. After a fine convergence of the surface area.

Figure A.5: Front view of the system after a fine convergence.

Figure A.6: Diagonal cross-section of the system.



B
Linear State Space Model

The model described here was based on the case shown in section 2.3. Again, only a lateral displacement of
the chip is considered and the meniscus is a deformable parallelepiped with a non-changing height h0. Here,
the capillary forces are surface tension and viscous forces. Since the surface tension is a force dependent
on the absolute displacement between chip and receptor, it can translated into the lateral stiffness of the
meniscus. The viscous force depends on the absolute velocity between chip and receptor and can therefore
be seen as a damper. Now, the system can be approached as a mass connected with a damper and a spring to a
massless cart [47]. Since the model is linear, it is expected to be less accurate than the previous described non-
linear model. However, a state space model can still be very simple but powerful tool to find eigenfrequencies
and oscillation characteristics.

k

c

y

u

Figure B.1: Illustration showing a mass connected to a massless cart with a damper and a spring.

Here, the input u is the displacement of the receptor and the output y the position of the chip. The force
balance of this situation is given as:

m
δ2

δt 2 y = c
( δ
δt

u − δ

δt
y
)
+k(u − y) (B.1)

where m equals the mass of the chip, and c and k represent the lateral damping and stiffness of the meniscus.
This derivation can be rewritten and giving the transfer function of the system as

m
δ2

δt 2 y +c
δ

δt
u +ky = c

δ

δt
u +ku (B.2)

H(s) = Y (s)

U (s)
= cs +k

ms2 + cs +k
(B.3)

Since a state space system is per definition linear, a non-linear stiffness as given in 2.10 would not be
applicable. However, the rightmost term of the restoring force 2.9 can be used to find the linear stiffness.
Taking the derivative of this term with respect to the displacement x results in
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40 B. Linear State Space Model

kl =
δFc

δx
= 2Lγ

h0
(B.4)

In case of a laminar flow between two plates a viscous force acts on both plates. Here, this force is pro-
portional to the surfaces of the chip and receptor, difference in velocity of these and the height of the gap
between them. The viscous force is then given by

Fv =µ Av

h0
=µL2v

h0
(B.5)

where µ represents the dynamic viscosity and v the relative velocity between the receptor and chip. By taking
the derivative of this force with respect to the relative velocity, the damping is found as

c =µL2

h0
(B.6)



C
Results Non-linear Model: Shift

Figure C.1: Contour plot showing the lateral displacement of a 2mm chip on the contour lines. Lubricant height is varied along the y-axis
and the acceleration along the x-axis. The red line shows where the infeasible region starts at which all combinations of the two variables
result in an edge angle of θ = 45o . At higher values, the configuration will result in a failure.
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Figure C.2: Contour plot showing the lateral displacement of a 500µm chip.
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Figure C.3: Contour plot showing the lateral displacement of a 100µm chip.
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Figure C.5: Graph showing the vertical displacement of the top right corner of the top chip. Resulting from an acceleration of a = 30g
and a lubricant height of h0 = 30µm.
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D
Geometrical Calculations

Edge Angles after Tilt Calculation

L

L

dz

h0

x

C

B

D
A'

Figure D.1: Figure showing the necessary details to calculate all of the four edge angles.

In a tilted situation all of the four edge angles will have different values. A tilt is implemented by using the
lateral shift that is calculated by the first model. The top chip is making a lateral shift relative to the receptor,
and at exactly that position the left and right corners are lifted up- and downwards. The dashed lines indicate
the position of the chip before tilt has taken place. The known values in this situation are therefore the chip
dimensions and the lateral and vertical shift of the top left and right corners.

Calculating the four edge angles θa ,θb ,θc ) and θD is done as follows. First, the edge angle θc is found as

θc = atan

(
h0 −dz

x

)
(D.1)

The tilting angle the chip makes is found as

β= asin

(
2dz

L

)
(D.2)

And angle α with

α= 180o −90o −θc (D.3)

Next, the angle θa is found by summarising angles α,β and adding 90o :
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θa =α+β+90o (D.4)

= 180o +β−θc (D.5)

= 180o +asin

(
2dz

L

)
−atan

(
h0 −dz

x

)
(D.6)

Then, angle θd is found as

θd = 180o −atan

(
h0 +dz

x

)
(D.7)

Finally, the last angle θb can be found with the other three edge angles:

θb = 360o −θa −θc −θd (D.8)

= 90o +2atan

(
h0 +dz

x

)
+atan

(
h0 −dz

x

)
(D.9)
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Tilt Angle and Vertical Displacement Correction
Measuring the positions of all corners directly from the camera frame still contains a small error. In this case,
the substrate is assumed to be moving in a perfect horizontal direction. However, in reality the substrate is
always moving in a slightly tiled position. Therefore, the measured lateral and vertical displacement will al-
ways be slightly different. Compared to the lateral displacement, the error is much smaller and can therefore
be neglected. However, for the vertical displacement this error is significant.

A

B

D

C

α

y

x

x'

y'

L

Figure D.2: Schematic representation of a front view of the system. The y- and x–axis refer to the reference frame of the camera. The y’-
and x’-axis refers to the local reference frame of the chip.

If the vertical displacement is measured by taking the difference in y-position of the corners at A, B, C
and D, an error due to the tilted angle of the substrate has not been taken into account. Here, the angle
α represents the tilt angle of this substrate. The reference frame of the camera is indicated with y and x,
whereas the local frame of the receptor is shown with a y’- and x’-axis. To find the net displacement between,
for example, corners A and B, the difference should be taken in the local reference frame. These are given as:

vl =
Ay −Cy

cos(α)
(D.10)

vr =
By −D y

cos(α)
(D.11)

Here, vl and vr represent the net vertical displacement on the left and right side of the chip. The corners
indicated with a capital letter and subscript y , represent the y-coordinates measured in the reference frame
of the camera.





E
Experimental Results

Start-Stop Phenomena
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Figure E.1: Graph showing a variation in lubricant height h0 and its effect to the relative lateral shift of the chip. Here, a 2mm sized chip
has been used and accelerated at a maximum of 12.1g.
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Figure E.2: Graph showing a variation in lubricant height h0 and its effect to the relative lateral shift of the chip. Here, a 2mm sized chip
has been used and accelerated at a maximum of 16.9g.
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Effect of Different Accelerations
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Figure E.3: Lateral shift of a 2mm chip at different lubricant heights. Coloured dashed line indicates a fitted polynomial of degree 2.
Black dashed line represents the result from the model with equivalent parameters and variables.
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Figure E.4: Lateral shift of a 2mm chip at different lubricant heights. Coloured dashed line indicates a fitted polynomial of degree 2.
Black dashed line represents the result from the model with equivalent parameters and variables.

0 10 20 30 40 50 60

h
0
 [ m]

0

10

20

30

40

50

60

70

x
 [

m
]

2mm chip at  a = 22.5g

Experiment

Fit: f(h
0
) = 0.0201h

0

2
 + 0.1630h

0
 - 2.0053

Model

Figure E.5: Lateral shift of a 2mm chip at different lubricant heights. Coloured dashed line indicates a fitted polynomial of degree 2.
Black dashed line represents the result from the model with equivalent parameters and variables.
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Motion Comparison of Model and Experiment

Figure E.6: Six screenshots of an experiment of a L = 2mm chip oscillating at f = 200H z and a = 7g compared to screenshots of the
predicted motion of the model.



50 E. Experimental Results

Results for Small Lubricant Height
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Figure E.7: Results of lateral shift for very small lubricant height h0 = 11µm. A chip of 1mm was used and accelerated up to a = 15g .
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Figure E.8: Results of lateral shift for very small lubricant height h0 = 9µm. A chip of 1mm was used and accelerated up to a = 15g .
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Figure E.9: Results of lateral shift for very small lubricant height h0 = 8µm. A chip of 1mm was used and accelerated up to a = 15g .


