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Societal Summary    

Over one third of all food produced globally for human consumption goes to waste. 
At the same time, one in eight people worldwide are chronically under-nourished. It is 
not surprising that the problem of food wastage has attracted considerable public at-
tention in recent years. For instance, the European Parliament recently established 
food regulations (EU directive 178/2002) that gives responsibility for ensuring prod-
uct safety and quality to individual producers, processors and retailers. One of the key 
factors responsible for such a high annual waste production is insufficient information 
and control of sourcing, processing and distribution of food products within supply 
chains and ultimately to the consumers. Consequently the commercial demand for 
accurately tracing products during transportation and storage has significantly in-
creased. Development and integration of electronic bar codes to increase traceability 
has become an important topic. With the use of electronic bar codes, products can be 
tagged with unique identification codes delivering present-time information on the 
location and condition of perishable products moving through the supply chain. How-
ever, manufacturing of such quality tracing devices should be affordable enough to 
enable integrating food tracing devices into daily consumer products.   

On the one hand, emerging technologies such as flexible polymer electronics are con-
sidered to be promising for the implementation of  low-cost and large-area fabrication 
of such tags. By using roll-to-roll and printing technologies large number of tags can 
be fabricated monolithically on a web. On the other hand, in the manufacturing of low
-complexity devices, assembly has long been the major cost factor. Robotic pick-and-
place technology, established as the technique of choice for system integration in elec-
tronic manufacturing, currently faces an accuracy versus throughput trade-off in the 
assembly of (sub-)millimetric components. 

Therefore, this thesis presents a technology based on capillary gripping and self-
alignment that introduces a route towards a low-cost and low-complexity autonomous 
integration of intelligent systems-in-foil packaging that can enable monitoring the food 
quality during transportation and storage.  
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Chapter 1    | 

 

Capillary self-alignment                      
  

 

A general introduction into heterogeneous assembly of functional components is   
presented. First, the need for cost- and time-effective integration of foil-based compo-
nents of complementary functionality into stand-alone devices on plastic substrates is 
highlighted. Capillary self-assembly is introduced as alternative or complementary  
technique to high-precision robotic pick-and-place that has been established as the 
technique of choice for system integration in electronic manufacturing. At the end of 
this chapter, the scope and outline of this thesis are presented. 



Page  |  2 

 

 

1.1     Introduction 

Over the last few decades, the commercial demand for accurately tracing products 
during transportation and storage has significantly increased. Development and inte-
gration of electronic bar codes to increase traceability has become an important topic. 
With the use of electronic bar codes, products can be tagged with unique identification 
codes. On the one hand, emerging technologies such as flexible polymer electronics is 
considered to be a promising technology for the implementation of  low-cost and   
large-area fabrication of such tags. By using roll-to-roll and printing technologies large 
numbers of tags can be fabricated monolithically (without assembly) on a web[1]. On 
the other hand, the advances in integration of components such as silicon on low-cost 
substrates into tags have demonstrated that an assembly approach may be just as via-
ble[2]. Importantly, it is not necessarily associated with a major increase in price. Next 
foreseen developments in integration of electronic components are sensors enabling 
traceability of the state of products[3]. Novel hybrid technologies, combining organic 
electronics, micro-electronics and microsystems, have been applied to integrate all the 
relevant components (sensors and electronics) on flexible plastic substrates. On a lab 
scale various sensor principles have been demonstrated to be suitable for low cost 
monitoring[4, 5]. Most of them can be translated to foil based systems, however many 
of them require processes incompatible with roll-to-roll fabrication production. There-
fore, a need for low-cost, low-complexity and highly-reliable integrated systems capa-
ble of sensing and interacting with their environment demands new technological de-
velopments. 

To address this need, cost- and time-effective integration of  components of comple-
mentary functionality – e.g. logic, memory, power, transceiver and sensor units – into 
stand-alone devices on non-standard substrates such as plastic foils[6, 7] is imperative. 
Fabrication processes of many such components are often mutually incompatible and 
do not allow for monolithic integration[8]. Therefore, heterogeneous or hybrid integra-
tion onto carrier substrates is regarded as a promising alternative[9].  

In the manufacturing of low-complexity devices, assembly has long been the major 
cost factor. For example with high performance flip chip assembly of radio frequency 
identification devices (RFID), assembly makes up 65% of the costs. Thus, lowered 
assembly costs would not only bring more profit, but would enable integrating food 
tracing devices into consumer products. This chapter serves as a general introduction 
into cost-effective heterogeneous assembly techniques of mesoscale foil-based func-
tional components.  

Chapter 1 Capillary Self-Alignment 
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1.2     Robotic Pick-and-Place 

We traditionally associate assembly with the process of grasping one component by 
human hand or robot and affixing it to another component until an entire device or 
machine is furnished. Assembly of components onto target substrates such as e.g. 
printed circuit boards includes the following major steps: 1) accurate registration of 
the components onto predefined receptor sites, and 2) electrical interconnection of 
the components to the circuitry located in the sites. The first step in turn involves 
feeding, grasping, moving, positioning and releasing the components. These opera-
tions are commonly performed through a variety of robotic gripping techniques[10]. 
For the past few decades, high-precision robotic pick-and-place has been established 
as the technique of choice for system integration in electronic manufacturing[10] thanks 
to its unmatched programmable dexterity in handling components of arbitrary      
shape[11].  

In low-cost, mass-manufacturing applications, over 80 000 parts/h[12] throughput is 
achievable at a relatively low accuracy of tens of micrometers. However, if high accu-
racy is required, the throughput has to be dramatically lowered. Thus,  being inherently 
serial, pick-and-place currently faces an accuracy versus throughput trade-off in the 
assembly of (sub-)millimetric components[13]. This has motivated the development of 
a vast class of alternative or complementary techniques for heterogeneous system inte-
gration based on self-assembly[14].  

1.3     Capillary self-assembly 

Self-organization[15] is ubiquitous on scales from molecules to galaxies and we can see 
compelling examples of self-assembly all around us. I believe most of us back in 
school days while eating breakfast cereal were amused seeing floating “o”-shaped cere-
al arrange and rearrange themselves into patterns on milk. As we might later have 
learned from books, this amusing behavior of cereal bits is guided by the phenomenon 
known in fluid mechanics as Cheerios effect virtuously illustrated by HowToons[16] 

(Figure 1.1). 

Although the term self-assembly has been applied across many disciplines, in my opinion 
the most explicit generic definitions might be that given by G.M. Whitesides[17] 

 

“the autonomous organization into patterns or structures 
without human intervention”. 

Section 1.1 Introduction  
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Figure 1.1:  Howtoon illustration of self-assembly od cereal[16].  

Capillary self-alignment is a fluidic process whereby the relaxation of a deformed liquid 
bridge into its state of minimal energy drives mobile component into mutual align-
ment. The key to capillary self-alignment is to confine the wetting of the droplet be-
tween the assembling component and the binding site. Liquid confinement can be 
enforced through two general approaches either chemical[18] and/or topographical[19] sur-
face structuring. The general process for surface tension-driven self-alignment process 

Chapter 1 Capillary Self-Alignment 
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can be described as follows (Figure 1.2, note that in Chapter 5 and 6 an updated ver-
sion is employed): 

a) A substrate is patterned to create binding sites having a matching geometry with 
the assembling component. 

b) A droplet of liquid is dispensed on the binding sites.  

c) A component is coarsely aligned with a binding site and brought in contact with 
the liquid droplet.  

d) As a consequence, the liquid wets the component forming a meniscus.  

e) Upon release of the component, meniscus energy minimization combined with 
geometrical shape matching self-aligns the die to the corresponding binding site 
with high accuracy. 

 
Figure 1.2:  Sketch of the process steps for capillary self-alignment of a foil die: (a) patterning of the carrier 

substrate, (b) deposition of a droplet of assembly liquid, (c) coarse alignment of a functional 
die, (d) the liquid wets foil die forming a meniscus, (e) self-alignment of a foil die on the corres-
ponding binding site.  

The relative ratios between effects of surface tension, viscosity and gravity are essen-
tial factors governing the assembly process. The following dimensionless numbers are 
often used to compare the relative importance of different physical phenomena: 

1. The capillary length LC relates surface tension effects to gravity:                      
LC =(γ/ρg)½ ,where γ is the surface tension, ρ is the density and g = 9.81m/s2. 

2. The capillary number Ca represents the relative effect of viscosity versus sur-
face tension: Ca = μv/γ, where μ is the dynamic viscosity of the liquid and v is a 
characteristic velocity. 

3. The Bond number Bo compares the relative importance of gravity and surface 
tension: Bo = ρgl2/γ, where ρ is the density of liquid or the density difference 
between liquids and l is the characteristic length scale.   

Section 1.3 Capillary self-assembly  
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The favorable downscaling of surface tension effects with size makes the capillary self-
assembly particularly effective at millimetric and submillimetric scales[20]. At these 
scales capillary self-alignment has indeed found relevant technological applications in 
the fabrication and packaging of microelectronic devices. Many fluidic assembly case 
studies have been reported, including e.g. micromachined silicon parts[21] and RFID-
tags[22], single-crystal silicon electronics onto plastic substrates[23], segmented mono-
crystalline solar cells[20], arrays of optical fibers onto an optical chip[24], microelectro-
mechanical systems (MEMS) via solder reflow[25] and biological samples[26]. Recently, 
capillary self-alignment has been used to enhance robotic manipulation[27] and 3D cir-
cuit  integration[28], as well; the assembly of mm- and cm-sized silicon dies on large 
flexible carriers was reported[29] and enhancement of capillary self-alignment through-
put by orbital shaking was demonstrated[30]. Nevertheless, the development of a low-
cost, large-scale integration process for mm- and cm-sized foil components on a web 
has not been addressed yet.  

1.4     Outline of  This Thesis 

Motivated by the societal relevance (see corresponding section), the objective of this 
thesis is to investigate a novel technology based on capillary self-alignment that enables 
the efficient, low-cost and large-scale integration of intelligent systems-in-foil packag-
ing that can enable monitoring the food quality during transportation and storage.  

In Chapter 2, it is demonstrated how mm- to cm-sized laser-diced square-shaped foil 
dies can be self-aligned on chemically structured silicon carriers by the capillary forces of a 
water meniscus with an accuracy down to 30 μm, which reflects a high precision rela-
tive to their lateral dimensions. The achieved alignment accuracies, limited by the laser 
dicing precision, are not intended to be competitive with state-of-the-art self-assembly 
performances. Nonetheless, the demonstrated precision is very suitable for the envi-
sioned low-cost and time-effective foil-to-foil integration via standardized flex flat 
cable interconnections with pitches typically varying from a half to a few millimeters.  
The role played by the assembly liquid, by the size, the weight and the surface tension 
of assembling dies and by their initial offsets in the self-assembly performance is inves-
tigated. These system parameters are optimized to consistently achieve accurate     
registration of the dies upon self-alignment and are further used throughout the study. 

Chapter 3 and Chapter 4 are dedicated to a thorough study on dynamics of capillary 
self-alignment process investigated in Chapter 2. While Chapter 3 focuses on detailed 
analysis of dynamics of capillary self-alignment of foil dies released at large uniaxial  
offsets from equilibrium ‒ translational motion, Chapter 4 presents extended study on 
complete dynamics, including analysis of rotational and translational motion of the die.     

Chapter 1 Capillary Self-Alignment 
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Supported with system parameters optimized in Chapter 2 and in-depth knowledge of 
dynamics of capillary self-alignment described in Chapter 3 and Chapter 4, a novel 
technology that enables the high-precision mechanical and electrical integration of 
mesoscopic functional foil components onto patterned foil substrates is introduced in 
Chapter 5. The foil-to-foil assembly process is based on topological surface structur-
ing via laser patterning. It allows face-down capillary self-alignment of centimetric foil 
dies over matching target positions as accurate as 15 μm and concurrent realization of 
high-yield electrical interconnections with base foil carriers through conductive adhe-
sives. Full foil-to-foil system integration was demonstrated through the electrically 
functional assembly of an array of Au-sputtered capacitive sensors onto a patterned 
base foil circuitry.  

Most conventional mechanical grippers are in direct contact with the handled       
components during pick up, hold and release operations, and the substantial force 
they exert may damage delicate components. To address this technological challenge, 
technology developed in Chapter 5 is extended in Chapter 6 to enable handling and 
further assembly of delicate components through open-ended capillary grippers. More 
importantly, besides the advantage of the handling of delicate components, it is 
demonstrated that this novel approach enables the system integration by capillary self-
alignment of foil dies onto moving substrates and is therefore compatible with an au-
tomatic assembly line.  

In summary, by developing a novel technology based on capillary     
gripping and self-alignment, this thesis introduces a route towards     
autonomous heterogeneous integration of functional systems-in-
foil applications. 
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Chapter 2    | 

 

Foil-to-Wafer Capillary Self-Alignment 

 

This chapter reports on the effective use of capillary self-alignment for low-cost and 
time-efficient assembly of heterogeneous foil components into a smart electronic  
identification label. Particularly, the accurate (better than 50 μm) alignment of cm-sized 
functional foil dies is demonstrated. The role of the assembly liquid, the size and the 
weight of assembling dies and their initial offsets in the self-alignment performance is 
investigated. It is shown that there is an acceptance range of initial offsets allowing dies 
to align with high accuracy and within approximately the same time window, irrespec-
tive of their initial offset. 
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2.1     Introduction 

In this chapter the effective use of capillary self-alignment for low-cost and time-
effective assembly of heterogeneous foil components into a smart electronic identifica-
tion label is reported. Particularly, the accurate alignment of cm-sized plastic functional 
foil dies is demonstrated. Such foil dies resemble the components – such as e.g. a bat-
tery, a plastic circuit, a system-in-foil containing an array of sensors, or a plastic foil 
interposer embedding conventional integrated circuits – to be integrated within a sys-
tem such as a smart RFID tag. The aimed assembly precision for mesoscopic foil com-
ponents should be suitable for foil-to-foil integration via standardized flex flat cable 
interconnections with pitches typically varying from a half to a few millimeters[1]. As a 
consequence, alignment accuracies in the order of 50 µm or less are necessary. This is 
in contrast to state-of-the-art microchip assembly that requires assembly precision in 
the order of a few microns[2]. 

The general process for the investigated capillary self-alignment is described in Figure 
1.2 (see Chapter 1). To undergo successful self-alignment, dies need to be coarsely pre-
aligned with respect to the corresponding binding site. Sufficient overlap of the die 
with the corresponding liquid droplet is needed. In case of micron-sized dies, the over-
lap area is in the orders of microns and the task requires high-precision equipment. In 
case of mm- and cm-sized dies, such as the foils considered here, the overlap can be 
substantially larger. Thus, the task can be achieved without any high-precision place-
ment system and with higher throughput. Moreover, the transparency of foil dies may 
significantly improve the automation and control of repeatability of die pre-alignment, 
as compared to the case of opaque dies[3].  

 

Figure 2.1:  Contact angle of water on a PEN foil die (65º ± 3º).  

Chapter 2 Foil-to-Wafer Capillary Self-Alignment 
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2.2     Materials and Methods 

The accuracy and reproducibility of the capillary self-alignment of mm- to cm-sized 
foil dies onto target positions patterned on test substrates is studied. To benchmark 
the parameters affecting their self-alignment, test foil dies were fabricated from trans-
parent 125-µm-thick Polyethylene Naphthalate (PEN) sheets (Teonex® Q65FA, 
DuPont; water contact angle on untreated surface 65º ± 3º) (Figure 2.1). Using a fre-
quency-tripled Nd:YAG laser (Coherent AVIO, 355 nm, 25 ns), a PEN sheet was 
diced into a set of square-shaped foil dies ranging in dimensions from 2 up to 20 mm, 
with accuracies down to 30 μm. Foil dies sizes covered the size range of different 
functional devices needed for a smart label and other foreseen applications (Figure 
2.2a). To quantify alignment dynamics and placement accuracy, marker structures were 
engraved in the center of each foil die (Figure 2.2b). The markers allowed registering 
the position of the foils with an accuracy of 20 µm. To study the influence of the foil 
mass, multiple PEN foils were laminated together before dicing. A range of mass den-
sities varying from 0.18 to 0.98 mg/mm2 was obtained by stacking up to five PEN 
foils (Figure 2.3). Foils were handled manually with vacuum tweezers (Thorlabs). 

 
Figure 2.2:  (a) Optical image of a silicon wafer with patterned Au layer functionalized with perfluoro-

decanethiol SAM. Dark square areas are hydrophilic SiO2 binding sites. Marker structures 
consisting of 50 µm-wide Au lines are patterned at the center of each site. (b) Optical image of 
a foil die diced from transparent 125-µm-thick PEN sheet using a frequency-tripled 
Nd:YAG (355 nm, 25 ns) laser. The laser was also used to engrave marker structures at the 
center of each foil die. The combined markers allow registering the position of the foils with 
accuracies down to 20 µm.  

The PEN foils were aligned onto 150-µm silicon monitor wafers with a 1 μm-thick 
thermally-grown SiO2 layer, allowing for reproducible and stable surface conditions in 
the experiments. A 100 nm Au layer with a 5 nm Ti adhesion layer was deposited via 
sputtering and patterned by I-line projection photolithography and wet etching. As a 
result the monitor wafers were covered with Au except for silicon dioxide binding 
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sites matching the shapes of the diced foils (Figure 2.2a). To enhance the wetting con-
trast between binding sites and the rest of the surfaces, the substrates were cleaned by 
O2 plasma oxidation treatment, rinsed with ethanol, and then immersed overnight in a     
1 mM ethanolic solution of heptadecafluoro-1-decanethiol (C10H5F17S, Sigma-Aldrich, 
>99,0 %) (Figure 2.4). As the thiol-ended moieties selectively bound to the Au surface, 
the self-assembled monolayers (SAMs) increased its water contact angle to 120º ± 3º 
as measured by the static sessile drop method (Figure 2.5).  

 

Figure 2.3:  Optical side views of the 5×5 mm2 foil dies with multiple laminated layers, from 1 (a) to       
5 (e). 

 

 
Figure 2.4:  Schematics of the patterning process for the Si substrate. (a) Ti (5 nm) and Au (100 nm) 

layers are sequentially sputtered over a 1 µm-thick layer of SiO2 thermally-grown on the Si 
wafer. (b) Positive photoresist is spin-coated, patterned and developed to define the binding sites. 
(c) Au and Ti are removed from the binding sites by wet etching. (d) The remaining photoresist 
is striped. (e) The substrate is cleaned by O2 plasma. (f) Selective deposition of a fluorinated 
alkanethiol self-assembled monolayer on the Au surface. Relative dimensions out of scale for 
illustration purposes. 
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Figure 2.5:  Contact angle of water on (a) SiO2 binding sites oxidized by O2-plasma  (8º ± 2º) and (b)  

F-SAM-functionalized Au layer (120º ± 3º).  

Water is an ideal medium for fluidic self-alignment in air because of its high surface 
energy and low viscosity[4]. Moreover, water was chosen for allowing the reusability of 
patterned silicon wafers upon multiple self-alignment experiments. Alternatively, the 
use of low-viscosity adhesives has been demonstrated for fluidic self-alignment pro-
cesses[5, 6], and is envisioned to be used for foil-to-foil integration, as well. 

Foil die’s translation along a single direction during the self-alignment transient mo-
tion is studied. By means of a micro positioner, foil dies were pre-aligned along one 
axis of the binding sites in such a way that any initial translational offset in the direc-
tion perpendicular to that axis could be neglected. Relatively small initial angular miso-
rientations of dies could not be avoided. However, they are irrelevant in this context, 
as they are corrected during the transient motion by capillary torques[7], and were 
therefore neglected as well. A high-speed camera (Redlake HS-3, 1000 fps) connected 
to a microscope stage was used to record the motion and final position of the foils. 

2.3     Self-Alignment Performance 

2.3.1     Role of the Assembly Liquid Volume 

Well-defined amounts of water were accurately dispensed on the binding sites by using 
micropipettes. Due to their hydrophilic surface, good spreading of water over the 
binding sites was always obtained. On all binding sites, drop volumes varying between 
0.1 and 200 µl were dispensed. For each binding site, the thickness of the water layer 
was estimated from its area and the dispensed drop volume. For all foils varying be-
tween 2 × 2 mm2 and 20 × 20 mm2 and with mass densities ranging between 0.18 
mg/mm2 and 0.98 mg/mm2 proper self-alignment could be achieved. The optimum 
liquid thickness was estimated by systematically varying the assembly liquid from 50 to 
200 µm thickness with steps of 25 µm for varying the size of foils and by repeating 
each measurement 5 times . The experiments revealed that 80 to 125 µm-thick water 
layers gave the best results for the considered range of foils. The results are summa-
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rized in Figure 2.6 and prove that foil dies can be self-aligned with high accuracy rela-
tive to their dimensions by using water as assembly liquid. The alignment accuracies 
demonstrated (≈30µm) are limited by the laser dicing precision. The volume of the 
assembly liquid did however also affect the final accuracy and yield of the alignment.   

 
Figure 2.6:  Average registration accuracy with std error for foil dies of varying size given in insets self-

aligned using different thicknesses of the water layer. For each water layer thickness and foil 
dies size, self-alignment was performed at least 5 times from an initial offset of about 20% of 
foil die lateral size.  

When excessive water was used, tilting of the foils on the water drop was observed[4, 8] 
(Figure 2.7), thus pointing to a maximum drop volume suitable for proper self-
alignment, as indicated by Scott et al.[9]. Conversely, when too little water was used, in 
the presence of even very-small initial tilting angles of the foil dies the capillary forces 
could not overcome the friction forces resulting from direct contact of the foils with 
the unlubricated substrate[14], and accurate alignment could not be obtained        
(Figure 2.8). Friction between foils and unlubricated substrate surface may be mini-
mized by edge confinement of water droplets[14]. Edge confinement exploits the verti-
cal separation of the planes of the binding sites from the rest of the substrate to sur-
round the water droplet with a ring of air. This contrasts with all-chemical water                    
confinement[10, 11], implemented hereby for ease of integration in the fabrication pro-
cess. 
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Figure 2.7: (a-e) Optical side views of a set of water droplets of controlled volume (shown in insets) 

dispensed on 5×5 mm2 hydrophilic SiO2 binding sites, and (f-j) corresponding side views of 
5×5 mm2 foil dies self-aligned over them. Die tilting is apparent for relatively-high droplet 
volumes.  

 
Figure 2.8: Optical images of capillary self-alignment. (a) Correct alignment of a 5 × 5 mm2 foil die using 

a proper thickness of the liquid layer, and poor alignment of the same die due to (b) a too-thin 
liquid layer and (c) an excessive amount of liquid.  

2.3.2     Role of the Initial Misalignment 

It was observed that for a fixed thickness of the water layer, the capillary self-
alignment performance was affected by the initial offset of the foil dies. The offset is 
defined as the distance between the releasing and the target positions of the foil dies. 
Using the high-speed camera, the dynamics of the self-alignment process was studied. 
An 18 × 18 mm2 foil (0.59 mg/mm2) die was repeatedly released at various initial off-
sets, and its trajectory was recorded by the camera. The water layer was 125 μm-thick. 
The results are shown in Figure 2.9.  
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Figure 2.9: Self-alignment trajectories of 18 × 18 mm2 foil dies (0.59 mg/mm2) released from different 

initial offsets. A 125 µm-thick layer of water was used in all cases.  

Irrespective of the initial offsets, within a time window of 50 ms the 18 × 18 mm2 foil 
dies (0.59 mg/mm2) were already located within a range of 100 µm from the target 
position, though their motion was not fully damped yet. The influence of inertia de-
pends on the initial offset and on the capillary forces acting on the foil dies. The larger 
the initial offset, the larger the driving capillary force and consequently the dies accel-
eration. Therefore, foil dies released further from the target position gain a proportion-
ally higher velocity (Table 2.1), so that the time to reach the target position is practical-
ly independent on the initial offset. This dynamic behavior is well desirable for an as-
sembly method with a pre-defined performance time, as required for the given applica-
tions. A systematic study was performed to analyze the dependence of the final align-
ment precision on the initial offset. An 18 × 18 mm2 foil (0.59 mg/mm2) die was   
repeatedly released at various initial offsets, and its final position was recorded. The 
water layer was 125 µm-thick. At least five experiments were performed for each initial 
offset value. The results, shown in Figure 2.10, point to the existence of a defined 
range of initial offsets within which dies self-align reproducibly and with high relative 
accuracy. In the considered case, the window for optimal alignment ranges from 1 to 5 
mm of initial offset. Alignment failures for initial offsets larger than 5 mm can be   
explained by overspreading of the liquid medium[12] and the too small initial overlap 
between foil dies and liquid drops. This leads to an additional friction between dies 
and unlubricated parts of the substrate surface. However, failures resulting from very 
small (< 1 mm) initial offsets were also observed. The results, shown in Figure 2.10, 
point out that the yield of successfully self-aligned mesoscopic foil dies is noticeably 
lower when dies are released too close to target position, which is in contrast to a simi-
lar study performed for silicon microchips. Presumably this is due to the higher sur-
face roughness in foil-based systems[13]. 
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Figure 2.10: Final offsets after self-alignment of 18 × 18 mm2 foil dies (0.59 mg/mm2) as function of 

initial release offsets. Five experiments were performed for each initial offset value. A 125 µm-
thick layer of water was used in all cases. The optimal offset window is highlighted. 

To understand the findings the initial capillary forces acting on the foil dies which are 
directed towards the target positions were investigated. Their magnitudes are known 
to depend on the offsets[4, 14]. These forces are comparatively small in cases where foil 
dies are released too close to their target position[14]. In this case, the capillary forces 
cannot fully overcome the combined effects of static friction, inertial forces and vis-
cous meniscus forces. Consequently, the foil dies end up at inaccurate positions. Con-
versely, dies released at larger offsets can be set into motion[15] by capillary forces, and 
they come to rest only when much closer to the target position.  

To confirm this behavior, the system was analyzed when the die is misaligned at ap-
proximately 100 µm from the target position and being released with varying initial 
offsets. First, the potential energy of the system, due to the misalignment from the 
target position, was estimated by quasi-static simulations performed by Surface Evolv-
er. Figure 2.11 indicates that the potential energy originating from the liquid-die capil-
lary interaction is in the order of ~100 nJ when the die is ~100 µm from its target 
position. In order to obtain the kinetic energy of the foil die released at different initial 
offsets, the trajectories shown in Figure 2.9 were approximated by a linear displace-
ment in time, i.e. a constant velocity.  The extracted data, shown in Figure 2.12, point 
out that the velocity of the foil die is linearly proportional to the initial offset of the 
coarse loading.  
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Figure 2.11: Energy versus offset relation simulated by Surface Evolver for 18 × 18 mm2  foil die (0.59 

mg/mm2) in the vicinity of the equilibrium position. The potential energy was normalized with 
respect to the target position.  

An explanation of this linear trend could be given by drawing a simple analogy of the 
given system with a mechanical spring with stiffness k . Release of the dies from an 
initial offset Δx can be collated with stretching the spring by the same elongation and 
therefore storing the potential energy ½ kΔx²  into the system. Consequently, the foil 
die is put into motion by capillary forces, and when it comes close to its equilibrium 
position this potential energy is transferred, with some dissipation, into the correspond-
ing kinetic energy ½ m*v², where m* is the effective mass of the die-liquid system and v 
its velocity. From this simple approximation a linear dependence of the velocity of the 
die on the relatively-small initial offset of coarse loading can be obtained as      v≈[k ∕m*]
½×Δx. 

       
Figure 2.12: Linear dependence of the velocity of a 18 × 18 mm2 foil die (0.59 mg/mm2), obtained from 

self-alignment trajectories, on an initial offset of coarse loading.  
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The results, shown in Table 2.1, point out that foil dies released close to the equilibri-
um position reach the vicinity of target position (±100 µm) with significantly lower 
kinetic energy (~ 10 nJ) compared to the dies released with large initial offset (~ 1000 
nJ for 1 mm offset). Therefore, a plausible explanation of alignment failures resulting 
from  small initial offsets could be that the total (potential and kinetic) energy in the 
order of ~100 nJ of the dies released too close to the target position is not sufficient 
to compensate total energy losses originating from combined effects of static friction, 
inertial forces and viscous meniscus forces in the given specific system.  

 Table 2.1: Velocity and corresponding kinetic energy of 18 × 18 mm2 foil die (0.59 mg/mm2) released 
at various initial offsets obtained by analysis of self-alignment trajectories; and potential energy 
of the same die at 100 µm from the equilibrium position estimated by SE simulations.  

 

2.3.3     Role of Die Size and Mass  

In contrast to parts of microscopic size, inertia and weight of the considered 
mesoscopic foil dies significantly affect their self-alignment dynamics. Therefore, the 
influence of sizes and weights of foil dies was investigated to find a reliable process 
window for the applications at hand. Components such as chip foils for sensors or 
interposers have a low weight per mm2, well-matching the weight of a single 125 µm-
thick PEN foil (0.17 mg/mm2, 38 mg for 15×15 mm2 sensor foil). The heaviest com-
ponents considered in the scope of this research are commercially-available paper bat-
teries (SoftBattery™, Enfucell Ltd.), whose weight per mm2 matches the weight of 
dies composed of five layers of PEN foils (1.03 mg/mm2, 232 mg for 15×15 mm2 
paper battery). The lateral dimensions of the foil dies ranged from 2 × 2 to 20 × 20 
mm2, as before.  

A systematic overview of alignment results for all considered weights and sizes is giv-
en in Table 2.2. Foil dies were coarsely aligned manually with an initial offset of 20% 
of their lateral size, thus preventing offset-dependent alignment failures as discussed 
before. The water layer thickness was set to 125 µm for all binding sites. For each 
weight and size the experiments were repeated 5 times to obtain some rough statistical 
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information. Although for all foil die sizes sufficient alignment (< 50 µm) was         
observed, the assembly yield was substantially lower for the smallest and the largest 
foils. Moreover, for the smallest foils, the accuracy of the initial offset was hardly re-
producible (standard deviation of about 30 µm) and consequently the self-alignment 
was unreliable in the given foil-based setup.  

Table 2.2: Average registration accuracy and yield for self-aligned foil dies of varying sizes and weights. 
Foil dies of each size and weight were self-aligned at least 5 times from an initial offset of about 
20% of foil die lateral size. A 125 µm-thick layer of water was used in all cases.  

 

2.4     Demonstrator 

To prove the assembly process on actual foil devices, a 15 × 15 mm2 gold-sputtered 
interdigitated sensors on PEN foil die featuring 1 mm-pitch electrodes (0.7 mm-wide 
interconnect lines with a 0.3 mm-wide gap) was self-aligned onto a printed circuitry 
foil. The base circuitry foil of an RFID tag consisted of screen printed silver tracks 
with a row of matching electrodes onto which the metal contacts of the sensor foil 
need to be aligned and later connected. The same experiment was performed 7 times, 
and in all cases the sensor foils were self-aligned on the base flexible carrier with suffi-
cient accuracy. Chemical-only confinement of the assembly liquid on the binding site 
was enforced by tailoring a large wetting contrast between adjacent surfaces. To in-
crease the hydrophobicity of the base PEN substrate, tetrafluoromethane (CF4) plasma 
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at 200 W was applied for 2 min. To subsequently pattern the square binding site, an 
oxygen plasma treatment at 400 W for 2 min was used in combination with a foil 
shadow mask[5]. This process yields highly wettable binding sites (8º ± 2º) surrounded 
by highly hydrophobic (107º ± 3º) spacing areas (Figure 2.13a). The sensor foil die was 
released from the tweezers at an initial offset of approximately 5 mm. The result of the 
final alignment is shown in Figure 2.13(c-d). In the top view image the 0.7 mm wide 
interconnect lines with 0.3 mm wide gaps appear to be well aligned over each other.  

 
Figure 2.13: Optical images of (a) water droplet confined on the hydrophilic site (water CA: 8º ± 2º) of the 

patterned foil substrate, surrounded by highly hydrophobic areas (water CA: 107º ± 3º). (b) 
Close-up optical image of the 0.7 mm wide interconnect lines with a 0.3 mm wide gap printed 
on a carrier foil. (c) A coarsely pre-aligned 15 × 15 mm2 sensor foil die (0.39 mg/mm2) 
featuring interdigitated electrodes after self-alignment onto a patterned base foil with printed 
circuitry. (d) Close-up top view of the 0.7 mm wide interconnect lines with a 0.3 mm wide gap.  

2.5     Conclusions 

This chapter demonstrates how mm- to cm-sized square-shaped foil dies can self-align 
on patterned carriers by the capillary forces of a water meniscus with accuracy down 
to 30 µm and smaller, which reflects a high precision relatively to their lateral dimen-
sions. The role played by the assembly liquid, by the size and the weight of assembling 
dies and by their initial offsets in the self-alignment performance was investigated. It 
was shown that there is a definite range of initial offsets (roughly 1 to 5 mm, in the 
given case) allowing dies to align with high reliability, and that deliberate release of dies 
from relatively-large offsets helps achieving accurate final registration. Moreover, the 
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analysis of the process dynamics showed that dies of various sizes and weights align 
within approximately the same time window, irrespective of their initial offset. The 
absolute value of the achievable mean alignment accuracy (≈30µm) is not intended to 
be competitive with state-of-the-art self-alignment performances[10, 16, 17]. The achieved 
alignment accuracies are limited by the laser dicing precision, but could be improved 
by using advanced but more expensive high-precision lithographical techniques[2]. 
Nonetheless, the demonstrated precision is very suitable for the envisioned low-cost 
and time-effective foil-to-foil integration, as hereby demonstrated for the case of a 
centimeter-sized system-in-foil. This evidence opens the perspective of efficiently as-
sembling interesting hybrid systems out of mesoscopic foil components such as sen-
sors, paper batteries and RFIDs through this simple and cost-effective approach.   
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Chapter 3    | 

 

Uniaxial Shift Dynamics of                
Capillary Self-Alignment 

 

This chapter reports experimental evidence for the existence of three subsequent, dis-
tinct dynamic regimes in the capillary self-alignment of centimeter-sized foil dies re-
leased at large uniaxial offsets from equilibrium. It is shown that the initial transient 
wetting regime, along with inertia and wetting properties of the dies, significantly affect 
the alignment dynamics including the subsequent constant acceleration and damped 
oscillatory regimes. A new analytical force model is proposed that accounts for die 
wetting and matches quasi-static numerical simulations. Discrepancies with experi-
mental data point to the need for a comprehensive dynamical model to capture the full 
system dynamics.  
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3.1     Introduction 

Capillary self-alignment is an innovative assembly technique[1], where the relaxation of 
carefully-confined liquid droplets is used to register micro[2]- and mesoscopic[3] parts, 
normally dies, onto patterned substrates. The configuration minimizing the system 
energy coincides with the alignment of the dies onto matching binding sites within 
tolerances[2] adequate for precision fabrication. Capillary self-alignment can comple-
ment pick-and-place assembly approaches to overcome their performance trade-offs. 
Several groups have modeled[5] and demonstrated[5,6] the accuracy and repeatability of 
the technique. Conversely, only few studies have addressed the lateral dynamics of the 
alignment process[7] and, to my knowledge, only for (sub-)millimetric dies where the 
Bond numbers are much smaller. 

3.2     Results and Discussion  

In this chapter the dynamics of lateral capillary self-alignment of centimeter-sized foil 
dies (Figure 3.1a) – a process demonstrated in Chapter 2 – is investigated. A set of 18 
× 18 mm2 foil dies were self-aligned onto matching, silicon dioxide binding sites pat-
terned on test substrates. The optically-transparent polyethylene naphthalate (PEN) 
dies and Au-coated Si substrates were fabricated and marked with laser-etched measur-
ing structures as detailed in the previous chapter. The dies were handled through a 
homebuilt micropositioning stage equipped with integrated vacuum tweezers (SMD-
VAC-HP, Vacuum Industries Inc.). A positioning base stage (XYZ 500 TIS, Quater 
Research and Development) providing 10 μm-resolved displacements along three axes 
was used to pre-align the dies. The full alignment dynamics was tracked by a high-
speed camera (Redlake HS-3) combined with a microscope stage and analyzed through 
image recognition software. The dynamics of the water triple contact line was concur-
rently tracked by focusing the camera on the outer edge of the dies (Figure 3.1b). 

A 125 μm-thick water layer was dispensed on the binding sites through micropipettes. 
The thickness h and the surface tension γ of the liquid layer directly affect the lateral 
capillary forces driving the alignment process[8]. The thickness of the water layer was 
calculated from the dispensed water volume and the area of the sites. It was optimized 
to consistently achieve accurate registration of the dies upon self-alignment (≈ 30µm, 
as limited by laser dicing tolerance, to be compared with the centimetric dies dimen-
sions). 
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Figure 3.1: (a) Process steps for capillary self-alignment of a foil die: (1) patterning of the carrier substrate, 

(2) deposition of water droplet, (3) coarse die pre-alignment, (4) die release and meniscus 
formation, (5) die self-alignment on binding site. (b) Concurrent high-speed tracking of 
uniaxial lateral capillary self-alignment and water triple contact line dynamics (see Figure 
3.3). The camera was focused on the outer edge of the transparent foil die (not to scale).  

Shortly after water dispensing, the dies were pre-aligned with edges parallel to those of 
the  binding sites and with predefined offsets {u} along one of the axes (principal) of 
the sites, while held at 225 ± 25 µm above the water layer. All initial offsets were 
much larger than the thickness of the lubricant layer (i.e. {u} >> h). The initial offset 
along the perpendicular (secondary) axis was negligible when not enforced otherwise. 
The axial offset was defined as the distance between the releasing and the target posi-
tions of the dies. The procedure was repeated for every experiment. All experiments 
were repeated 5 times. Quantitative analysis of repeatability and accuracy of the capil-
lary self-alignment process was reported in the previous chapter. Here the focus is on 
typical cases. 

 
Figure 3.2: (a) Typical self-alignment trajectory of a foil die (0.80 mg/mm2). Data extracted from high-

speed video recording starting upon die contact with water. The three regimes (transient wetting, 
constant acceleration and damped oscillation) are evidenced. (b) Numerical derivative of the 
parabolic regime depicted in (a) showing the linear progression of velocity in time.  
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Upon release from the tweezers, the dies landed on top of the water layer with unno-
ticeable lateral deviation from the predefined offset. Starting from such initial overlap 
with the water layer, a die’s uniaxial trajectory evidenced three distinct dynamical re-
gimes (Figure 3.2a). During transient wetting, the die remained at rest while the underly-
ing water layer deformed as it progressively wetted the die’s bottom surface. The ensu-
ing meniscus pinned to all edges of the die’s bottom surface except to its outer one 
(Figure 3.1b). The impact of the die on the free water surface caused its impulsive de-
formation and inhomogeneous spreading of the unpinned triple contact line. In all 
experiments, the formation and evolution of the meniscus upon contact with the die 
completed before the inception of lateral die translation. Remarkably, at this stage wet-
ting of the full bottom die surface by the meniscus was never achieved. The meniscus 
then started pulling the die sideways. Lateral die traction is the joint effect of: 1) the 
relaxation of the water meniscus toward the equilibrium geometry defined by its 
boundary conditions; and 2) the concurrent sliding motion of the die self-centering on 
top of the meniscus. In this second regime the die moved with constant acceleration de-
scribing a parabolic 1D trajectory (Figure 3.2). Around the time the die first crossed its 
target position, the outer die edge reached the unpinned triple contact line of the me-
niscus – i.e. only then was full wetting observed. As shown later, line pinning was con-
ditional to the foil’s surface energy. Lastly, for {u} ≈ h the die started undergoing har-
monic oscillatory motion underdamped by dissipative viscous forces (Figure 3.2a)[7]. 
The die finally settled in accurate registration with its binding site. 

The initial offset and the fluid mechanics of the contact between die and liquid layer 
are critical for capillary self-alignment performance[6,9]. Still, the formation and initial 
evolution of the liquid bridge upon contact with the die so far received little attention. 
In fact, wetting of the bottom die surface is either not controlled, as in most experi-
ments[6], or assumed to be complete, as in both static[4] and dynamic[7] models. Such 
modeling assumption comes along with two additional ones: one explicit, i.e. relatively 
small displacements of the die from its rest position (i.e. {u} ≈ h ); and one implicit, i.e. 
the die being displaced to initial non-null offsets from the equilibrium position. The 
additional assumptions do not evidently hold in the considered case. As reported be-
low, the obtained data show that full die wetting is not observed, while in earlier studies 
on micrometric dies[6] this was assumed to be the case. Here this could be studied in 
detail thanks to the transparency and the dimensions of employed vehicles, which al-
lowed for a separation of timescales between initial meniscus formation and die mo-
tion inception. 

It is assumed that the surface energy of the foil dies could impact the formation of the 
water meniscus and the consequent self-alignment dynamics. Therefore the degree of 
wettability of the foil dies was tailored. Water contact angle (CA) on bare PEN foil was 
65º ± 3º (4º ± 2º for the silicon dioxide sites), as measured by the static sessile drop 
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method. A 100 nm layer of silicon nitride (referred as SiN) was deposited via plasma-
enhanced chemical vapor deposition (PECVD) on bare PEN foils. Subsequent expo-
sure of the SiN-coated foil dies to O2 plasma at 400 W for 1 min increased their sur-
face energy, decreasing the water CA to 9º ± 2º. Alternatively, a perfluorodecyltrieth-
oxysilane (C16H19F17O3Si, 97%, Sigma-Aldrich) self-assembled monolayer (SAM) was 
adsorbed from vapor phase for 30 min at 120 ºC on the O2 plasma-activated SiN sur-
faces, increasing their water CA to 98º ± 3º. None of these treatments visibly affected 
the optical transparency of the dies. 

Data analysis showed significant differences in self-alignment dynamics as a function 
of the degree of wettability of the dies (see Figure 3.3). For all the wetting degrees 
investigated, full wetting of the bottom die surface by the water meniscus was never 
achieved during the first regime. As expected, the spreading of the water triple contact 
line across the die (equivalently, the fraction of the bottom die surface not wet by wa-
ter) was proportional (inversely proportional) to the wettability of its bottom surface. 
Moreover, the duration of the transient wetting regime was inversely proportional to 
the surface energy of the die. More wettable dies started moving sideways earlier and 
crossed their target position for the first time earlier as well. 

 
Figure 3.3: Uniaxial lateral alignment dynamics of a foil die and water contact line dynamics tracked as 

sketched in Figure 3.1b (die: 0.80 mg/mm2; initial offset 650 ± 30 µm). Trajectories for the 
case of hydrophilic die (a), untreated die (b) and hydrophobic die (c). Null offset coincides with 
the closer edge of the underlying binding site, i.e. with the position of the edge of the unperturbed 
water layer. For case (c) the displacement of the water contact line could not be resolved by the 
camera when the line was not pinned to the outer edge of the die.  

For hydrophilic dies, after initial spreading the unpinned water contact line did not 
change its profile till the die had reached close proximity of its target position. Only by 
that time the outer edge of the die had converged to the position of the water contact 
line. Upon consequent pinning, the water contact line (red line in Figure 3.3a) and die 
edge (black line) moved solidly. Untreated PEN dies induced a similar behavior, ex-
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cept for a considerably smaller initial spreading of the water contact line that could 
barely be resolved by the setup (Figure 3.3b). Conversely, no spreading of the water 
contact line could be detected for the hydrophobic dies. In this case the water contact 
line could also be clearly seen unpinning from the outer die edge during its backtrack-
ing motion, whereas it was pinned to it during the remainder of the oscillation periods 
(Figure 3.3c). 

Quasi-static simulations performed by Surface Evolver (SE)[10] predicted the partial 
wetting of the mesoscopic dies by the meniscus upon water-to-die contact. However, 
the simulated die surface SSE, not wet by the meniscus underestimates experimental 
results SEXP [e.g. SSE=1.6 mm2 and SEXP=11.5 mm2 for hydrophilic foil dies (SDIE=324 
mm2)]. This may be due to non-idealities (e.g. roughness, chemical inhomogeneity) of 
the die surface, leading to contact angle hysteresis and contact line pinning[11]. This is 
supported by the mentioned inhomogeneous perturbation of the contact line during 
transient wetting. 

 
Figure 3.4: (a) Self-alignment trajectories and (b) corresponding linear increase of velocity in time during 

the parabolic regime for a foil die (0.80 mg/mm2) as function of different degrees of wettability 
parameterized by water CAs. Corresponding accelerations and net forces obtained from 
acquired data and foil masses are shown in the inset table. Data noise in (b) mainly attributed 
to the numerical computation of the derivative of the data in (a).  

The degree of wettability of the die affects the second regime of the dynamics as well 
(Figure 3.4). In this regime the constant acceleration of the die appeared proportional 
to the surface energy (Figure 3.4b). Accordingly, during this regime a constant, surface 
energy-dependent shearing force acts on the foil die. This force is a combination of a 
lateral capillary force, driving the die toward its binding site, with an opposing dissipa-
tive force due to the viscosity and aspect ratio of the underlying, thin water layer. The 
dissipative viscous force was estimated using Newton’s law of viscosity assuming a 
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linear vertical velocity gradient within the liquid layer[12]. The estimated value 
(FFRIC=28 ± 5 µN; see Appendix for detailed calculation), assumed equal for the three 
wettability cases, amounts to a small fraction of the net measured lateral force (e.g. 
FNET=468 ± 37 µN for hydrophobic foil dies) (Figure 3.4b). Consequently, capillary 
action appears dominant in the second regime. For large displacements from equilibri-
um, lateral capillary forces were computed numerically through SE simulations, as well 
as analytically using a sliding model: FCAP = −Lγ(1+cosθ) (for θ the CA of water). The 
sliding model accounts for wetting and contact line unpinning, and it well matches the 
quasi-static predictions of SE; yet both models substantially overestimate experimental 
data (see Appendix for model derivation and results). 

The dies used in this study had a Bond number Bo = ρgL2/g = 43.6 >> 1. In contrast 
to the sub-millimetric case, the inertia of the considered dies was thus expected to 
significantly affect their self-alignment dynamics as compared to the capillary forces, 
particularly in the oscillatory regime. To investigate this, PEN dies with different 
thicknesses leading to a range of mass densities varying from 0.18 to 0.98 mg/mm2 
were pre-aligned over corresponding binding sites with prefixed initial offset of 950 ± 
50 µm. Analysis of their recorded self-alignment trajectories evidenced a clear impact 
of inertial effects on the third dynamical regime (Figure 3.5). Notably, in this case the 
experimental data could also be benchmarked rather accurately against SE simulations 
(see Table in Figure 3.5). 

 
Figure 3.5: Self-alignment trajectories of foil dies with different mass densities (shown in inset), and 

corresponding oscillation periods as extracted from experimental trajectories as well as from 
SE simulations of quasi-static resonance frequencies (shown in inset).  
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Finally, it was observed that the lateral alignment dynamics of a square-shaped foil die 
along the principal axis is barely affected by a smaller offset (e.g. positioning error) 
along the secondary axis. A foil die (0.80 mg/mm2) was repeatedly released at differ-
ent, prefixed offsets along the secondary axis while the initial offset along the principal 
axis was kept constant within loading precision. The corresponding self-alignment data 
revealed no divergence of the trajectories along the principal axis during the second 
regime (Figure 3.6a) in spite of large differences in the dynamics along the secondary 
axis (Figure 3.6b). Remarkably, the initial offset along the secondary axis was not nec-
essarily the largest to be reached in time by the die along that same axis, which is in-
stead never the case for the principal. This represents evidence of energy transfer be-
tween the degenerate resonance modes associated with the coordinated axes of the 
square sites. Trajectory divergence along the principal axis was instead observed during 
the oscillatory regime. This depends on differences in initial offsets, but may also point 
to weak coupling between the degenerate modes for comparable oscillation ampli-
tudes. Further studies are being pursued to follow up on this issue.  

 
Figure 3.6: Self-alignment trajectory of a foil (0.80 mg/mm2) die as recorded by high-speed camera along 

(a) principal and (b) secondary axis. The die was repeatedly released at various initial offsets 
along the secondary axis, while initial offsets along main axis was kept the same within 
loading precision of the micropositioner.  
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3.3     Conclusions 

In conclusion, this section reports novel insights into the dynamics of capillary self-
assembly for mesoscopic foil dies. The experiments revealed that for foil dies, released 
from uniaxial non-equilibrium positions of large offset above matching binding sites, 
the ensuing dynamics unfolds into three distinct dynamic regimes. The obtained ex-
perimental data question some basic assumptions of common models of the process, 
mainly the full wetting of the die surface by the fluid meniscus upon initial contact. 
The wettability and the inertia of the dies were also shown to impact the alignment 
dynamics. Conversely, the unsatisfactory match between calculated and measured 
force data remarked the limitations of analytical models of dynamics. A comprehen-
sive, numerical dynamic model – accounting for wetting, triple contact line dynamics 
and contact angle hysteresis in addition to meniscus geometry and capillary action – 
seems therefore necessary to capture the full experimental details of the process. The 
insights provide deeper understanding of the capillary self-alignment process for the 
assembly of mesoscopic functional foil-based devices, such as sensor foils, paper bat-
teries and RFIDs, which are being introduced in a variety of relevant technological 
and commercial applica-tions[13].  

Appendix  

A.3.1     Dissipative Viscous Forces  

 
Figure 3.7: Sketch of a misaligned foil die with a linear velocity gradient in the liquid layer. 

The contribution of dissipative viscous forces was estimated according to Newton’s 
Law of Viscosity (Eq. 3.1): 

FFRIC=ηSDIE (dvZ/dz)  (3.1) 

where η is the viscosity coefficient (for water at room temperature, ηWATER = 0.975 
mPas·s),  SDIE the surface area of the die (for 18 × 18 mm2 foil die, SDIE = 324 mm2), 
and dvZ/dz the vertical velocity gradient. With the assumption of linear vertical velocity 
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gradient in the liquid layer (Figure 3.7), Eq. 3.1 could be expressed as: 

FFRIC=ηSDIE (dvZ/dz)=ηSDIE [(d(v0×z)/h)/dz)]=ηSDIE (v0/h)=0.52 × 10-3 × v0  (N) (3.2) 

where v0 is the velocity of the foil die (extracted from recorded data).  

A.3.2     Sliding Approximation 

For large displacements from the equilibrium position, lateral capillary forces can be 
computed numerically through SE simulations, as well as analytically using a sliding 
approximation hereby proposed (Figure 3.8). Assuming: 1) {u}>>h, 2) flat water/air 
interfaces, 3) negligence of water/air interfaces parallel to the direction of motion, and 
4) a single unpinned triple contact line as shown in the letter, for a square die the sur-
face energy differential with respect to a uniaxial perturbation dx is given by: 

dE = –LdxγSV – LdxγLV + LdxγSL  (3.3) 

where L is the length of the die side and γSV ,γLV ,γSV are the surface energies between 
die and air, water and air, and die and water, respectively. The restoring capillary force 
is then:  

FSLID = –dE/dx = –L(γSV + γLV –γSL)  (3.4) 

Using Young’s equation γSV = γSL +γLV cosθ, θ being the liquid CA on the bottom  
surface of the die, we get: 

FSLID = –LγLV (1+cosθ) (3.5) 

 
Figure 3.8: Top and side view sketches of the sliding approximation for a square die with an offset      

{u}>>h.  

Note that limθ→0FSLID = –2LγLV , consistently with Eq. 4 of ref. 5 (for x = u >> h). 
This model can be considered as an extension of the common geometrical model for 
the cases where the displacements of the die from equilibrium are large enough and 
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die wettability such that triple contact line unpinning from the outer die edge takes 
place.  

Note that adopting Young’s equation amounts to assuming static equilibrium condi-
tions for the meniscus. This condition does clearly not  hold in a dynamic setting like 
the one investigated. This partly accounts for the mismatch with actual data. In the 
conducted experiments an asymmetric condition was assumed whereby the CA of 
water on the die is larger than on the binding site (here patterned in silicon dioxide, for 
which the CA of water tends to 0 (perfect wetting). If dewetting happens on the bind-
ing site, capillary self-alignment is compromised. 

A.3.3    Comparison of Lateral Capillary Forces  

For large displacements from equilibrium, lateral capillary forces acting on the dies 
were computed numerically through SE simulations, as well as analytically using a slid-
ing approximation according to Eq. 3.5 of the previous section. Table 3.1 compares 
the predictions with actual data gathered from acceleration of dies and their masses. 
As seen, the sliding model well matches the numerical predictions of SE. Still, both 
substantially overestimate the experimentally determined values of the forces, even 
accounting for the viscous dissipative forces. This was not unexpected given the quasi-
static nature of both models. 

Table 3.1: Comparison of lateral capillary force obtained from experiments, SE calculations and 
analytical sliding approximation as function of different degrees of wettability parameterized by 
water CAs. Experimental results are obtained from acquired acceleration data for the 
parabolic regime (die: 0.80 mg/mm2).  

 

A.3.4     Water Contact Line Dynamics  

The dynamics of the unpinned water triple contact line was tracked upon formation 
through the high-speed camera setup (as sketched in Figure 3.1) concurrently with the 
lateral alignment dynamics of the die. Figure 3.9 shows snapshots from the acquired 
video recordings focusing on the contact line for the three kinds of surface treatments 
applied to the PEN foils. 
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Figure 3.9: Dynamics of the contact line for the three kinds of surface treatments applied to the PEN foils. 
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Chapter 4    | 

 

In-plane Mode Dynamics of              
Capillary Self-Alignment 

 

This chapter reports on an experimental study of the complete in-plane dynamics for a 
capillary self-alignment system. Translational (shift) and rotational (twist) modes of 
square millimetric transparent dies bridged to a shape-matching receptor site through a 
liquid meniscus were selectively excited by preset initial offsets.  The self-alignment 
dynamics was simultaneously monitored over the three in-plane degrees of freedom by 
high-speed optical tracking of the alignment trajectories. The dynamics of the twist 
mode is shown to qualitatively follow the sequence of dynamic regimes also observed 
for the shift modes, consisting of initial transient wetting. Systematic analysis of align-
ment trajectories for individually as well as simultaneously excited modes shows that, 
in absence of twist, the dynamics of the degenerate shift modes are mutually independ-
ent. In presence of twist the modes conversely evidence coupled dynamics, which is 
attributed to and affected by the wettability of the bounding surfaces. The experi-
mental results are justified by energetic, wetting and dynamic arguments providing 
ground for understanding of the process. 
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4.1     Introduction 

A number of models and experimental investigations have addressed the dynamics of 
capillary self-alignment[1-5]. Nonetheless, a comprehensive descriptive framework is still 
missing, and the majority of works in literature has focused on energetics[6-8]. The latter 
develops a geometric quasi-static approach which, while consistently supported by 
experimental data[9], captures only partially the intrinsically dynamic nature of the pro-
cess. The liquid bridge can in fact be deformed along six degrees of freedom (DOFs), 
which are associated to the three translational and three rotational DOFs of the top 
floating component (Figure 4.1). Each type of deformation (or mode) is opposed by a 
corresponding restoring capillary force[9] (for translational modes, i.e. shifts and lift) or 
torque[10] (for rotational modes, i.e. twist and tilts) tending ‒ with the possible excep-
tion of the tilt mode[6] ‒ to bring the system back to its equilibrium configuration. The 
mass of the meniscus and the stiffness associated to its modes determine in turn the 
characteristics of the oscillations that the system undergoes along each DOF[1, 3].  
However, both experimental and theoretical investigations have mainly addressed each 
of the six degrees of freedom individually, largely disregarding the possibility of mutual 
influences (i.e. coupling) among modes excited simultaneously. 

 
Figure 4.1: Translational (lift and shifts) and rotational (twist and tilts) degrees of freedom of a component 

floating on a confined liquid bridge. In-plane modes (shift along x and y, twist along θ) consid-
ered in the text are highlighted in green. Sketch not to scale.  

In this chapter an experimental study of the complete in-plane dynamics of capillary 
self-alignment for millimeter-sized square components is presented. The study takes 
advantage of innovative designs of metrology markers laser-scribed on transparent 
plastic dies (section 4.2). The experimental setup allows high-speed optical tracking of 
the real-time dynamics of self-alignment along all three in-plane DOFs simultaneously, 
i.e. of both translational (x and y) and rotational (θ) modes at the same time. The 

Chapter 4 In-plane Mode Dynamics of Capillary Self-Alignment 



 Page  |  43 

 

 

framework enables synchronous high-resolution analysis of the trajectories described 
by a top component released onto a confined water meniscus of optimized thickness  
as shown in Chapter 2. The synoptic view of the projections of the trajectory along 
the individual modes was used to analyze the time evolution of the process with un-
precedented accuracy. In the experiments (section 4.3) the modes of interest could be 
selectively excited by presetting non-null offsets along corresponding DOFs. As the 
number of simultaneously excited modes was progressively incremented, trajectories 
of increasing dimensionality and complexity were consequently recorded. The cumula-
tive effect of the simultaneous excitation of multiple modes on the dynamics of the 
process could thus be assessed. The results outline a fundamental difference between 
shift and twist dynamics in capillary self-alignment, and a significant effect of the wet-
tability of the bounding surfaces on the coupling between the in-plane modes. Finally, 
though the dimensions of the dies were chosen mainly for ease of imaging, qualitative 
insights gained from the obtained results can also be extrapolated to components of 
smaller sizes. 

4.2     Materials and Methods 

4.2.1    Carrier Substrates and Foil Dies  

Au-coated Si substrates were patterned with marked SiO2 hydrophilic receptor sites 
(Figure 4.2a) through photolithography and wet etching. The native Au surfaces were 
selectively functionalized by thiolated self-assembled monolayer (SAM) to make them 
hydrophobic. The fabrication process is detailed in Chapter 2. Static water contact 
angles (CAs) on hydrophobic spacer and hydrophilic receptor surfaces were 120˚ ± 3˚ 
and 8˚ ± 2˚, respectively. The wetting contrast was tailored to enhance chemical edge 
confinement of the liquid menisci inside the receptor sites. 

Optically-transparent 10×10 mm2 dies (Figure 4.2b) were fabricated from 250 μm-
thick polyethylene naphthalate (PEN) foils with mass density 0.36 mg/mm2. The PEN 
foils were realized by laminating together two commercially available 125 μm-thick 
PEN sheets (Teonex®Q65FA, DuPont). Water CAs on native PEN surfaces were 
(65˚ ± 3˚) (static) and 60˚ ± 2˚ (receding), and 9˚ ± 3˚ on PEN surfaces exposed to 
oxygen plasma (60 s , 400 W ) to increase their wettability. Nanosecond Nd:YAG laser 
source (Coherent AVIA, 355 nm, 25 ns) was used for patterning and dicing the foils.  

Static and receding contact angles were measured by static and contracted sessile drop 
methods, respectively (EasyDrop, KRÜSS). 

A 125 μm-thick layer of water was pre-coated over the receptor sites before the exper-
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iments. The film was pinned at all edges of the sites, except for their corners[11]. The 
thickness of the water layer was chosen by its volume to optimize the self-alignment 
process. 

 
Figure 4.2: (a) Optical image of a Si wafer coated with Au layer functionalized with perfluoro-decanethiol 

SAM. Dark square areas are hydrophilic SiO2 receptor sites. Marker structures [inset of (a)] 
consisting of 50 μm-wide Au lines were patterned at the center of each site. (b) Optical image 
of a 10×10 mm2 transparent die laser-cut from a 250 μm-thick PEN foil. The laser was 
also used to engrave marker structures at the center of each foil die [inset of (b)]. The combina-
tion of the marker structures on the receptor sites with the circular markers on the transparent 
foil dies ‒ the main one engraved in the center, and a smaller, reference one offset to the side ‒
allows simultaneous retrieving of both translational and rotational dynamics during capillary  
self-alignment (details in Figure 4.4).  

4.2.2    Experimental Platform  

An overview of the experimental platform is shown in Figure 4.3. A positioning base 
stage (XYZ 500 TIS, Quater Research and Development) with external vacuum twee-
zers (SMD-VAC-HP, Vacuum Industries Inc.) providing 10 μm-resolved displace-
ments along three coordinate axes was used to pre-position the foil dies onto the re-
ceptor sites. The micropositioner held the dies a few millimeters above the droplets. A 
pedal-operated vacuum system was used to release foil dies upon positioning. The full 
alignment dynamics was tracked by a high-speed camera (Redlake HS-3, operated at 
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1000 fps) combined with a microscope stage and analyzed through image recognition 
software. 

 
Figure 4.3: Experimental platform for synchronous high-resolution recording of the trajectories of self-

aligning foil dies. The positioning base stage with external vacuum tweezers was used to pick 
up, pre-position and release the foil dies. The high-speed camera mounted on top of the micro-
scope stage recorded the complete self-alignment process.  

4.2.3     Data Processing  

Through caret-shaped (∧) markers (Figure 4.2b) the foil die was pre-aligned with the 
corresponding receptor site with predefined offsets [x0, y0, θ0]′ = X0. High-speed re-
cording started right before the foil die was released from the tweezers. Upon release, 
the die landed horizontally on the water layer with macroscopically unnoticeable lateral 
deviations from preset offsets. Post-processing of video frames proceeded as follows 
(Figure 4.4): 

1. Raw grayscale frames (Figure 4.4a) were converted to binary black and 
white (BW) frames (Figure 4.4b) by thresholding, i.e. in the output BW 
image all pixels of the input image with luminance higher (lower) than a 
threshold value are given value 1(0) which makes them white (black)). The 
chosen threshold value of pixel luminance rendered the complete marker 
structures clearly visible on each frame.  
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Figure 4.4: Retrieval of instantaneous pose (shifts x(t) and y(t), twist (θ(t)) of a die relative to the receptor 

site by post-processing of recorded frames. Raw images (a), thresholded images (b) and images 
with detected circles (c) shown for first and last video frames of an experiment. Bounding circles 
correspond to the limit of the field of view of microscope lens.  
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2. Matlab-based post-processing of the BW frames returned the coordinates 
of the center of the circles with respect to the field of view (Figure 4.4c). 
From this, the instantaneous vector of position and orientation (i.e. pose) 
of the die X0  (t*)=  [x(t*),  y(t*),  θ(t*)]′  with respect to the framing receptor 
site was reconstructed. The complete in-plane translational (x(t ), y(t )) and 
rotational (θ(t ), around the vertical axis) motion of the die were finally 
computed from the analysis of the entire sequence of frames recorded for 
each experiment. 

Each type of experiment was repeated at least three times, and for each sampling time 
the corresponding mean values and dispersion of the coordinates of the die were re-
ported in the graphs shown in the next sections. 

4.2.4    Finite Element Model 

A quasi-static finite element model of the confined liquid bridge was implemented in 
Surface Evolver[12] (SE). The water liquid bridge had surface tension γ = 72 mN/m, 
density ρ = 1000 kg/m3, [capillary length LC = (γ/ρg)½ = 2.7 mm] and gap h = 125 μm. 
It was constrained within horizontal square pads matching the dimensions (L = 10 
mm , thickness 250 μm) and density (1440 kg/m3) of the foil dies. Top and bottom 
pad represented the floating die and the receptor site. Water CAs correspondingly 
reproduced those measured on native PEN and hydrophilic receptor sites, respectively 
(see section 4.2.1). 

The simulations proceeded by the displacement of the floating component from the 
equilibrium position. Uniaxial shift was simulated within the 0 < x < 1000 μm range 
with steps of 5 μm. Twist was simulated within 0˚< θ < 45˚ in steps of 1˚. Mesh re-
finement and optimization were implemented[10]. For every component pose, h was 
updated through a local-search routine based on Newton’s method to keep the system 
in local equilibrium[13]. The non-constancy of h(x,y,θ) was implemented for physical 
consistency with 1) time scale separation, due to the dominance of vertical over lateral 
capillary forces for this system[14], 2) the tendency of the liquid bridge to assume the 
geometry locally closest to a section of a sphere[13, 15], and 3) conservation of the me-
niscus volume, which upon contact line unpinning(s) induces an increase of h to par-
tially compensate the decrease of wet pad surface(s). After setting h, the restoring ca-
pillary force and torque were computed by the method of virtual works[16] implement-
ed using central finite differences. 
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4.3     Results 

4.3.1    Uniaxial Shift Dynamics  

Modal trajectories of the uniaxial shift dynamics (i.e. for x0 > 0, y0 = 0, θ0 = 0) of capil-
lary self-alignment of native PEN die are illustrated in Figure 4.5. The enhanced repre-
sentation of the process afforded by the metrology framework described in section 4.2 
can be appreciated in this reference example, and further by comparison with previous 
experimental analysis of the uniaxial shift mode presented in Chapter 3. 

 
Figure 4.5: (a) Modal trajectories under uniaxial shift dynamics (x0 > 0, y0 = 0, θ0 = 0), and (b) corre-

sponding die velocity along the excited shift mode x. This case subsumes within the extended 
metrology framework the analysis of uniaxial capillary self-alignment developed in Chapter 3.  

Figure 4.5a shows trajectories for initial shifts of 500 and 1000 μm, corresponding 
respectively to 5 and 10% of the side length. For both offset values the single shift 
mode could be effectively excited, and the sequential dynamic regimes[38] of transient 
wetting, constant acceleration and underdamped harmonic oscillations were clearly 
observed. Unintended oscillations were detected along the orthogonal shift and the 
twist DOFs in spite of null preset offsets. These unintended oscillations were resolved 
by the setup in the present as well as in the incremental cases shown below. Their 
origin is discussed in section 4.4. For practical purposes the negligible magnitude of 
such oscillations provided the level of significance for the absence of coupling among 
the modes considered. 

It can further be seen that a larger initial offset of the die induces a corresponding larg-
er delay in the first crossing of the equilibrium pose (referred in the following as first 
zero crossing) (Figure 4.5a). Moreover, for both offset values the die achieves the same 
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initial value of acceleration along the direction of motion (Figure 4.5b). This evidence 
is consistent with an energetic description of the water meniscus provided by a Surface 
SE simulation of the uniaxial shift mode (Figure 4.6). The simulation[17] shows that, 
for both offset values used in the experiments, the initial capillary force acting on the 
die has nearly the same value, and the force remains almost constant until reaching 
proximity of the rest position. This scenario justifies the linear velocity profile of the 
die in its parabolic dynamic regime discussed in Chapter 3. An analytic quasi-static 
model of the uniaxial shift mode accounting for comparable deformations of the me-
niscus and partial wettability of the bounding surfaces was recently described[17]. The 
effect of surface energy on shift dynamics is shown in the next section with respect to 
the biaxial case. 

 
Figure 4.6: Relative energy landscape and capillary restoring force predicted by quasi-static Surface Evolver 

simulation of the uniaxial shift mode for the case of Figure 4.5.  

4.3.2    Biaxial Shift Dynamics  

Modal trajectories for capillary self-alignment under biaxial shift (i.e. with both shift 
modes excited simultaneously) and in absence of twist are shown in the central col-
umn of Figure 4.7. The first and third columns of the same picture show trajectories 
of individually excited uniaxial shift modes for corresponding values of x and y offsets, 
respectively. In the central column, the trajectories of the individually excited shifts are 
additionally superposed to the projections of the biaxial self-alignment along the same 
directions of motion (correspondence is indicated by the horizontal arrows). This rep-
resents experimental evidence of exact decomposition of the biaxial trajectory into 
corresponding uniaxial shift trajectories. That means equivalently that, given the same 
boundary conditions, the trajectory described by a die under biaxial capillary self-
alignment can be exactly reconstructed by the pointwise composition of the uniaxial 
shift trajectories described by the same die when the same shift modes are individually 
excited. This proves that, within experimental accuracy, the dynamics of the orthogo-
nal shift modes are mutually independent. 
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Figure 4.7 also evidences that the independence of the trajectories along the shifts 
does not seem to be affected by changes in the surface energy of the foil die. The ex-
act reconstruction described above holds, for instance, both for the case of foil with 
native PEN surface (top row) and with oxygen plasma-treated PEN surface (bottom 
row). The effect of increased foil wettability (i.e. higher surface energy) can be detected 
in the faster motion and higher overshoots amplitude of the oxidized foil versus the 
native foil. The evidence is consistent with earlier observations for uniaxial 
shift shown in Chapter 3. 

The independence of a uniaxial shift trajectory on the offset applied along the orthog-
onal direction implies the independence of the capillary forces acting along the direc-
tions of motion. This observation is striking when considering that the capillary force 
field associated with the meniscus is central[14], and yet it presents preferential direc-
tions of motion determined by the geometry of the bounding solid surfaces. Since the 
die and receptor site have in this case matching square shapes, these directions corre-
spond to the main axes of the site. The directions are equivalent, and the associated 
shift modes are degenerate. Figure 4.8 shows SE simulations of the orientation of the  
capillary force acting on the die with no twist for displacements of its center along arcs 
of constant radii relative the center of the site. It can be appreciated that the orienta-
tion of the force keeps rather constant across almost the entire range of angular dis-
placement (Figure 4.8a). Moreover the range of rather constant force orientation wid-
ens for larger offsets (Figure 4.8b). Across such range of displacements the direction 
of the force does not deviate significantly from that assumed along the main diagonal 
(i.e. 45˚). It is only when the center of the die lies along the diagonal that the capillary 
force points to the center of the site. For all other positions of the die the capillary 
force points toward the main axis closest to the center of the die. Hence the preferen-
tial directions of motion represent local attractors for the self-aligning motion, where-
as the center of the receptor site represents the global attractor of the trajectories and 
the target position of the die[7]. The geometry of the die imposes the symmetry of the 
capillary force field. Therefore for all biaxial offsets with x0 ≠ y0 the trajectories of the 
self-aligning die describe inward spirals toward the absorbing state of the motion (as 
shown in Figure 4.16a) ‒ i.e. they tend to cross the center of the site only at the very 
end of the process, as compared to every half oscillation cycle as in the case of a cen-
tral force field with circular symmetry. 
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Figure 4.8: Orientation of the capillary force acting on a die (with no twist) displaced along arcs of constant 

radii (500 and 1000 μm), according to SE simulations. In (b) inset not to scale. 

4.3.3    Twist Dynamics  

The recorded dynamics of the individual twist mode is shown in Figure 4.9. The tra-
jectories (Figure 4.9a) follow a sequence of dynamic regimes qualitatively analogous to 
that of the shift mode discussed in Chapter 3 (compare with Figure 4.5a). Namely, 
after the transient wetting regime the angular velocity of the die increases in time and 
reaches a maximum in correspondence of the first zero crossing (Figure 4.9b) before 
decaying, reversing and dissipating during the final regime of underdamped harmonic 
oscillations. Nonetheless the angular velocity profile of the twist shows distinctive 
differences with the velocity profile of the shift mode. The differences are consistent 
with the distinctive energetic description of the mode obtained by SE (Figure 4.10). 
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Figure 4.9: (a) Modal trajectories of twist dynamics (x0 = 0, y0 = 0, θ0 > 0), and (b) angular velocity of 

the die along twist DOF.  

For increasing values of angular offset (θ0= 15˚, 30˚and 40˚ shown in Figure 4.9) the 
angular acceleration of the die is observed to correspondingly decrease. By starting self
-alignment from increasing values of angular offsets, the die is subjected to capillary 
torques of increasingly smaller magnitudes (Figure 4.10). 

Moreover, the magnitude of the capillary torque is not constant, as compared to the 
almost constant homologous capillary force acting for relatively large shifts. Rather, 
the restoring torque monotonously increases as the offset decreases, until reaching a 
maximum value in proximity of the rest position. This scenario can qualitatively justify 
the observed angular velocity profile as function of angular offset.  

 
Figure 4.10: Relative energy landscape and capillary restoring torque predicted by quasi-static SE simula-

tion of the twist mode for the case of Figure 4.9.  
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Additionally, for the maximum value of angular offset θ0 = 45˚, the initial value of ca-
pillary torque is predicted to be null (Figure 4.10), besides that of the restoring forces. 
Hence, a foil die landing onto the liquid film with maximal misorientation with respect 
to the receptor site and no biaxial offset from its center is expected to feel no torque. 
The die should then remain in this metastable state until some perturbation intervenes 
to break the rotational symmetry, prompting the rotational self-alignment of the die 
with the site along one direction randomly-selected out of the two equivalent alterna-
tives. This was observed to happen in dedicated experiments, as shown in Figure 4.11. 

 
Figure 4.11: Rotational self-alignment dynamics for a foil die with maximal misorientation and null biaxi-

al offset (x0 = y0 = 0, θ0 = 45˚). The absence of initial capillary torque causes the die to 
remain in the metastable state until the rotational symmetry is broken by noise.  

4.3.4    Uniaxial Shift and Twist Dynamics  

The simultaneous excitation of uniaxial shift and twist modes induces slight variations 
in the trajectories described along the DOFs in comparison to individual excitation of 
the same modes. Such experimental evidence of mode coupling is illustrated in Fig-
ure 4.12, where individually and simultaneously excited modes for treated and non-
treated PEN foil dies are arranged similarly to Figure 4.7 described in section 4.3.2. 
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As shown by Figure 4.12b, the coexistence of a twist offset affects the uniaxial shift 
dynamics. Specifically, the time of first zero crossing along the shift is retarded, and 
the amplitude of the overshoots in the final dynamic regime is reduced to be barely 
detectable. Notably, in this conditions the time of first zero crossing along shift tend 
to coincide with that of the twist mode. Alignment of the times of first zero crossing 
(Figure 4.12e) provides a hint at the mechanism of dynamical coupling between the 
modes. 

It is argued that the dynamical coupling between uniaxial shift and twist modes is root-
ed in a wetting issue. It is caused by the way the liquid meniscus spreads over the bot-
tom surface of the foil die to entirely wet the corner farthest from the center of the 
receptor site ‒ equivalently, by the way the foil die needs to roto-translate to achieve its 
equilibrium pose with the least action (Figure 4.13). First, it is shown that in the pres-
ence of both uniaxial shift and twist offsets, the single corner of the foil die farthest 
from the site’s center can be uniquely identified (Figure 4.13a). Wetting of this corner 
signals the end of the self-alignment dynamics (Fig. 4.13d), except for the decaying 
oscillations around the equilibrium position. This corner is in fact not wet by the me-
niscus during the transient wetting regime. To wet the corner, the unpinned triple con-
tact line on the bottom surface of the foil die should advance while assuming an in-
creasing curvature in order to enter the corner[11]. This evidence is energetically more 
expensive than pulling the floating foil die into alignment with the edges of the recep-
tor site. Given the initial offsets, the ensuing motion of the die turns out to be a roto-
translation, whereby translation and rotation need to take place at the same time. No-
tably, the synchronization of simultaneously excited uniaxial shift and twist modes 
contrasts earlier reports[7, 15] where the sequentiality of shift and twist was claimed. 

 
Figure 4.13: Sequential frames from a capillary self-alignment experiment (a 5 × 5 mm2 native PEN foil 

die used for full die visibility). The roto-translational motion of the transparent die toward 
alignment with the receptor site evidenced during transient wetting (a).  

It should also be noted that the energetics itself of the uniaxial shift mode is affected 
by a twist offset, and vice versa (Figure 4.14a). As shown in Figure 4.14b, simultaneous 
excitation results in increased compliance of the meniscus in the shift DOF, as evi-
denced by a progressive decrease of the magnitude of the restoring capillary force pre-
dicted in SE  simulations. Such softening effect may play a partial role in the coupling 
of the modes, yet it cannot by itself explain their synchronization. SE  simulations addi-
tionally predict a reciprocal softening of the twist mode caused by a shift offset 
(Figure 4.14c). Whereas the trajectories of Figure 4.12b do not support any noticeable 
effect of shift offset on twist dynamics, Figure 4.12e shows evidence of reciprocal 
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mode softening in presence of the more wettable oxidized PEN foil. This attests an 
influence of die surface energy on dynamical mode coupling. 

 
Figure 4.14: Energetics and reciprocal softening of uniaxial shift and twist from SE simulations for the 

case of Figure 4.12.  
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4.3.5    Biaxial Shift and Twist Dynamics  

The experimental dynamics of capillary self-alignment under the simultaneous excita-
tion of all three in-plane modes is depicted in Figure 4.15. It can thereby be seen that 
the presence of an offset along the twist DOF affects the dynamics of both shift 
modes in a similar way. The evidence is consistent with, and further supports, the cou-
pling mechanism discussed in the previous section. The impact of surface energies is 
also confirmed, along the same lines, by the comparison of the trajectories shown in 
Figure 4.15b and Figure 4.15e.The significant effect of the addition of a twist offset on 
the biaxial shift dynamics is clearly illustrated by the difference of the corresponding 
two-dimensional trajectories, shown in Figure 4.16. The simultaneous excitation of the  
twist mode clearly dampens the harmonic oscillations along the shift modes. Conse-
quently, the trajectories explore a smaller volume of the phase space. 

 
Figure 4.16: Complete in-plane dynamics of capillary self-alignment. (a) Biaxial shift dynamics with no 

twist, (b) Biaxial shift dynamics with twist offset.  

4.4     Discussion 

Earlier investigations of the dynamics of capillary self-alignment made use of compo-
nents with sub-millimetric sizes[18, 19]. These studies aimed at demonstrating the repeat-
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ability of the process under differing boundary conditions by comparing initial offsets 
and final poses of the components. The components of larger sizes used in the present 
work enabled tracking the entire dynamics of self-alignment with high spatial and tem-
poral accuracy. The chosen transparent vehicles afforded the magnified visualization 
of details of dewetting by contact line motion and of the harmonic oscillations of the 
components hardly noticeable otherwise. Components of comparable sizes find use in 
advanced system integration and packaging applications[20]. Insights gained in this 
study can be extrapolated also to smaller geometries, characterized by similar Bond 
numbers (Bo = ρgh2/γ = 0.02 hereby). 

Theoretical descriptions of the dynamics of uniaxial shift described in Section 4.3.1 
have been proposed for instance by Lu and Bailey[6] and Lambert et al.[3] to provide an 
estimate of the characteristic damping time of the component oscillations in the final 
harmonic regime. In both models the dynamics of the component is driven by the 
coupled physics of component motion and fluid dynamics of the liquid bridge. New-
ton’s law describes the motion of the floating component as an oscillator, submitted to 
the lateral restoring capillary force and the viscous drag exerted by the liquid meniscus. 
Here the closed-form solution of the problem developed in Lambert et al.[3] is fol-
lowed. According to the boundary conditions, the system can be over- or under-
damped. The viscous drag can be derived from the Navier-Stokes equations. Interest-
ingly, the problem was shown to depend on two non-dimensional numbers only. The 
first number m* is a reduced mass, i.e. the mass of the component normalized by half 
the liquid mass. The second number η* is a reduced viscosity given by 4ητ/h2, where η 
is the kinematic viscosity, h the gap and τ  the characteristic time. τ  is determined by 
(k/m)½, where k is the gradient of the capillary force along the shift DOF (i.e. the lat-
eral stiffness of the meniscus in the elastic regime[17]) and m  the mass of the compo-
nent. For the case illustrated in Figure 4.5, m* = 5.76 and η* = 0.45. The non-
dimensional map shown in Figure 4.17 provides a rough estimate of the non-
dimensional characteristic time τd  between 10 and 20. This analysis correctly posits the 
system in the underdamped oscillatory domain in agreement with experimental obser-
vations, though outside the domain of strict analytical validity of the model[3]. Solution 
of the equations[3] leads to τd  = 16.8, which corresponds to a dimensional characteris-
tic time τC = 21.8 ms − about 30% larger than the experimental value of 17 ms       
obtained by fitting the underdamped oscillation waveform with the function               
x(t)=Aexp(-t/τc)cos(ωt + φ). The underlying reason of the quantitative discrepancy 
should be further investigated. The divergence between model predictions and experi-
mental data may be attributed to the capillary force, which does not follow a simple 
linear relation with uniaxial shift in contrast to what is assumed in elastic dynamic          
models[3, 6]. In fact the full range of capillary restoring force has been shown[17] to devi-
ate from a fully elastic response for shift offsets relatively large compared to the side 
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length, as those adopted here (see section 4.3.1). To account for such initial displace-
ments, the so-called mixed and full sliding regimes[17] need to be integrated in the dy-
namic model. 

The unintended oscillations detected during experiments along nominally unexcited 
modes are analogous to background noise as for their persistence and negligible mag-
nitude. The presence of such oscillations is attributed to several factors. The spatial 
resolution of the marker structures and the micropositioning stage are limited (section 
4.2.2). In spite of their high relative accuracy as compared to the dimensions of the 
die, the markers conceded a margin of error of about 20 μm around nominal shift 
offsets and of about 0.5˚ for twist offsets. Such figures are rather consistent with the 
amplitude of the background oscillations. They in turn provided an additional motiva-
tion for the choice of relatively large offsets to signal the selective excitation of intend-
ed modes against the noise background. Moreover, the shock pressure wave created in 
the thin water layer by the impact with the landing die provides an additional impul-
sive excitation of all the modes of the meniscus. A further source of unselective mode 
excitation is the pinning of the meniscus on the edges of the die after spreading across 
its bottom surface (i.e. the transient wetting regime discussed in Chapter 3). Although 
such parasitic motions along the unexcited modes could not be entirely excluded, their 
magnitude was negligible and had no measurable effect on the results of the study. 

 
Figure 4.17: Map of non-dimensional damping time τd as function of normalized mass m* and normalized 

viscosity η* (see text for definitions). The straight line corresponding to τd = 1 separates the 
domains of overdamped and underdamped harmonic oscillations of the component. The domain 
above η* = 1 is the domain of validity of the analytical model[3].  
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4.5     Conclusions 

This chapter presents an experimental study of the complete dynamics of capillary   
self-alignment along the in-plane modes of deformation of the confined liquid bridge. 
The modes could be synchronously and systematically analyzed with high resolution in 
their individual and simultaneous dynamics through selective excitation by preset ini-
tial offsets. The study confirmed earlier findings on uniaxial shift concerning the se-
quential dynamic regimes and their sensitivity to the surface energy of the floating 
component. The same observations could be extended to the biaxial shift dynamics in 
absence of twist, since in this case the two-dimensional trajectory was proven to corre-
spond to the pointwise combination of the trajectories described along of the        
individual orthogonal shift modes. The dynamics of the twist mode was shown to   
follow a sequence of regimes analogous to the shift modes. Coupling between the dy-
namics of the modes was reported in presence of twist, and was observed to be affect-
ed by changes in surface energies. The coupling was attributed to a synchronization 
between the modes and justified by wetting and energetic arguments. 

Through the evidence reported, the study provided experimental ground for the devel-
opment of a comprehensive description of capillary self-alignment ‒ one that could 
account both for its quasi-static and dynamic properties. 
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Chapter 5    | 

 

Foil-to-Foil System Integration  

 

This chapter introduces a new integration technology for both cost-effective high-
precision mechanical and electrical integration of mesoscopic functional foil compo-
nents onto foil substrates. The foil-to-foil assembly process is based on topological 
surface structuring via laser patterning that enables accurate capillarity-driven self-
alignment of foil dies. The concurrent establishment of high-yield electrical intercon-
nections is obtained through conductive adhesives. The foil surface energy controls 
the acceptance window of initial offsets for optimal self-alignment performance. The 
proposed topological patterning and system design enable alignment accuracies for 
centimeter-sized foil dies as good as 15 μm, barely influenced by the evaporation of 
the assembly liquid and curing of the conductive paste. Full foil-to-foil system integra-
tion is demonstrated through the electrically functional assembly of an array of Au-
sputtered capacitive humidity sensors onto a patterned base foil circuitry. 

 

 

Published as:                 
G. Arutinov, M. Mastrangeli, E. C. P. Smits, G. van Heck, J. M. J. Toonder, A. Dietzel, 
Journal of Microelectromechanical Systems, 2014, 99, 1-8.  
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5.1     Introduction 

A typical procedure for the integration of functional components onto target carrier 
substrates includes two major steps: 1) accurate registration of the components onto 
pre-processed binding sites, and 2) establishment of electrical interconnections be-
tween the components and the electrodes embedded in the sites. As compared to ro-
botic flip-chip assembly, in capillary self-alignment both steps are mediated by the 
deposition and confinement on the binding sites of a specified amount of interposing 
liquid[1]. Liquid confinement can be enforced through either topographical[2] and/or 
chemical[1] surface structuring. Earlier works by Smith[3], Morris[4], and Chung[5] and 
Taprogge[6] showed how the parallel formation of working electrical and mechanical 
interconnections can be included in fluidic self-assembly processes. Xiong used elec-
troplating to form vertical electrical links from substrate to microcomponents after 
their capillary self-assembly[7]; whereas Mastrangeli[1, 8] demonstrated how the hydro-
static pressure exerted by residual liquid menisci on capillary self-aligned components 
can be successfully exploited to establish solder-based interconnections upon thermal 
reflow, as an alternative to thermo-compression bonding[9]. The use of capillary self-
alignment directed by chemical patterning for low-cost and time-efficient assembly of 
centimetric functional foil dies was demonstrated in Chapter 2. Further improvement 
in assembly throughput could derive from the optimization of the technique for large-
scale roll-to-roll manufacturing[10, 11].  

To address this technological challenge, in this chapter complete process sequence is 
introduced that enables the high-precision mechanical and electrical integration of 
mesoscopic functional foil components onto foil substrates. The foil-to-foil assembly 
process is based on topological surface structuring via laser patterning. It achieves 
facedown capillary self-alignment of centimetric foil dies over matching target posi-
tions as accurate as 15 μm and concurrent realization of high-yield electrical intercon-
nections with base foil carriers through conductive adhesives. This enables, for in-
stance, the integration of mesoscopic foil interposers embedding dense arrays of min-
iaturized components, such as bare Si chips and bare die LED’s[12].  

Unlike silicon chips, foil-based components can be patterned and diced by program-
mable, fully dry and non-lithographic laser ablation without additional surface chemical 
functionalization. In this work, laser sources are used to pattern as well as to compart-
mentalize both donor and acceptor foils in a single process step. Römer et al. earlier 
developed a laser micromachining process to create sharp-edged receptor sites for 
capillary self-alignment[13]. Their study mostly focused on the physico-chemical mecha-
nism shaping trenches for binding sites upon picosecond laser ablation rather than on 
its influence on capillary self-alignment performance. Besides, submillimetric SU-8 dies 
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were used thereby as assembly vehicles, which require high-precision robotic equip-
ment for die pre-alignment with respect to the corresponding binding sites. Here the 
performance of capillary self-alignment onto laser-patterned substrates of mesoscopic 
foil dies is investigated, which, given the dimensions of the vehicles, is more tolerant 
against initial die misalignment and, by the same token, does not necessarily require 
any high-precision pre-alignment system. Hereby it is demonstrated that foil pattern-
ing with nano- and picosecond laser sources with similar wavelength and spot size 
yield no relevant difference. Thus, both can be equally well employed for structuring 
and dicing foil dies and carrier substrates.  

 
Figure 5.1: Sketch of the process steps for laser-structure supported foil-to-foil capillary self-alignment: (a) 

laser patterning of the binding site on the carrier substrate, including the inner confinement 
ring, (b) liquid dispensing within the confinement ring, (c) coarse pre-alignment of foil die, (d) 
formation of the liquid meniscus, and (e) constrained self-alignment of the foil die on the 
corresponding binding site.  

For each foil die, a capillary self-alignment process (updated from the one employed in 
the work presented in the earlier chapters, see Figure 1.2) proceeds as follows (Figure 
5.1): 
a) An outer trench is laser-scribed onto the carrier to create a binding site matching 

the shape and size of the foil die, and an inner circular trench is laser-scribed in 
the center of the binding site.  

b) A liquid droplet is dispensed within the inner trench, where it remains confined 
with a predictable profile. 

c) A foil die is coarsely aligned with the binding site and brought in contact with the 
liquid droplet by means of a micro positioner.  

d) As a consequence, the liquid wets the foil die forming a meniscus.  

e) Upon release of the foil die, liquid meniscus relaxation, constrained by edge con-
finement and geometrical shape matching, self-aligns the foil die to the corre-
sponding binding site. 
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Upon die self-alignment, electrical interconnections to the carrier electrodes mediated 
by conductive adhesives are established to complete the foil-to-foil integration process.  

5.2     Materials and Methods 

Foil dies and carrier substrates were fabricated from transparent 125-µm-thick Poly-
ethylene Naphthalate (PEN) sheets (Teonex® Q65FA, DuPont). Nano- (Coherent 
AVIO, 355 nm, 25 ns) and picosecond (Coherent Talisker, 355 nm, 15 ps) Nd:YAG 
laser sources were used for patterning and dicing foil dies and carrier substrates. The 
dies were handled through a homebuilt micropositioning stage equipped with integrat-
ed vacuum tweezers (SMD-VAC-HP, Vacuum Industries, Inc.). A stylus profiler 
(DektakXT, Brukker) was used for profilometric analysis of laser-scribed trenches. A 
positioning base stage (XYZ 500 TIS, Quater Research and Development) providing 
10 μm-resolved displacements along three axes was used to pre-align the dies. Oxygen 
plasma treatment at 400 W for 1 min was used to enhance wettability of PEN foils. 
Contact angles were measure by the static sessile drop method (EasyDrop, KRÜSS). 
High-speed camera stage (Redlake HS-3) and image recognition software were used to 
track and analyze the process dynamics. A 250 μm-thick PEN film with gold-sputtered 
interdigitated capacitive humidity sensors featuring 1 mm-pitch electrodes (0.7 mm-
wide interconnect lines with a 0.3 mm-wide gap) and a 125 μm-thick PEN base cir-
cuitry foil of an RFID tag consisting of screen printed silver tracks (5025, DuPont) 
with a row of matching electrodes were used for foil-to-foil integration experiments. 
The sensor foils and carrier substrates were patterned and diced with the nanosecond 
laser. An epoxy-based Ag-filled isotropic conductive adhesive (ICA) (CE-3103 WLV, 
Henkel) was stencil-printed on silver tracks to interconnect matching electrical con-
tacts of the foils. Functional foil dies were handled with manual vacuum tweezers 
(Thorlabs) for integration experiments. ICA was cured at 120 ºC for 15 min in a con-
ventional oven. The capacitance values of Au-sputtered sensor array foils were meas-
ured through an LCR impedance analyzer (Agilent, E4980A).   

5.3     Results and Discussion 

5.3.1     Foil-to-Foil Self-Alignment 

5.3.1.A     Laser Patterning  

Laser ablation of plastic surfaces can proceed by both photothermal and photochemi-
cal mechanisms. Dominance of either mechanism depends on laser fluence and wave-
length[14]. It was shown that using 355-nm nanosecond Nd:YAG laser, the ablation of 
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PEN by sub- and near-threshold fluences generates humps by recasting of ablated 
material around the scribed region[15]. Similar humps were obtained for polyimide foils 
using a 343-nm picosecond laser[13]. To determine the influence of the laser pulse 
length on the formation of microhumps on PEN foil, a comparative study of the abla-
tion of PEN foils using  pico- and nanosecond laser sources with equal wavelength 
(355 nm) and spot size (45 μm) was performed. A set of lines on 125-µm-thick Poly-
ethylene Naphthalate (PEN) sheets using a range of integral laser fluences, as obtained 
from 6 single pulses, is scribed. Profilometric analysis evidenced the microhumps 
around laser-scribed lines and, for both types of lasers, a similar correlation between 
the height of the humps and corresponding laser fluence was obtained (Figure 5.2). 
The height of the microhumps is roughly linear with laser fluence for low fluence val-
ues, and eventually saturates upon further increase of laser fluence. Notably, hump-
decorated sites resemble recessed sites in the way they are surrounded by perimetric 
sidewalls[1]. The microhumps 1) cause strong pinning of the triple contact line along 
the entire edge of the sites, and 2) provide an additional barrier against liquid overflow
[1]. A significant enhancement of liquid confinement within these sites as compared to 
sites with flat, straight edges could thus be consistently expected (refer to Figure 5.6 
below). 

 
Figure 5.2: (a) Height of humps recast around laser-scribed lines on PEN foil as function of pico- (ps) 

and nanosecond (ns) integral laser fluence (Nd:YAG lasers, 355 nm, spot size: 45 µm), and 
(b) profilometric analysis of corresponding laser-scribed lines.  

Controlled and repeatable performance of capillary self-alignment requires the dis-
pensing of well-defined amounts of assembly liquid on the binding sites. Site-related 
water volumes were used to result in a uniform, 125 µm-thick layer after spreading 
over the whole site surface upon full die alignment (see Section 2.3.1 in Chapter 2). 
Given the non-null contact angle (65º ± 3º) of water on native PEN, coverage of un-
patterned sites by droplets of optimal volume is only partial and non-reproducible[23]. 
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Conversely, droplets deposited within the inner circular trenches at the center of the 
sites are reproducibly localized and assume a predictable profile. The diameter of the 
laser-scribed ring was optimized to achieve conformal confinement for optimal drop-
lets, i.e. full coverage of the inner circular area. Figure 5.3 shows that, for a 12.5 μl wa-
ter droplet, the optimal diameter of the confinement ring is 4.5 mm. Such tight edge 
confinement additionally yields an immediate water overflow beyond the circular 
trench[16] and a more reproducible initial spreading of the water meniscus across the 
binding site upon landing of the foil die. 

To investigate the efficacy of the proposed laser-based topological patterning, sets of 
nominally identical 10 × 10 mm2 foil dies were self-aligned onto matching binding 
sites with optimal inner rings. The sites were patterned on dummy carrier substrates by 
both lasers with fluences above their saturation values (Figure 5.4). The dies were re-
leased from an initial offset of 1 mm (i.e. 10% of their side length), and the final die-to-
site registration was quantified by analyzing the matching of marker structures en-
graved on the foil die and the carrier substrate.  

 
Figure 5.3: Side and top view images of a 12.5 µl water droplet on a set of circular receptor sites of varying 

diameter (indicated above the images) with laser-scribed outline. (a) Optical pictures,           
(b) Surface Evolver[17] simulations. Dewetting and overspreading are apparent on relatively 
large and small circular sites, respectively.  

Shortly after water dispensing (Figure 5.4b and 5.4e), the foil dies were coarsely super-
posed onto the binding sites through a micropositioner while held a few millimeters 
above the droplets. Thanks to prior knowledge of the droplet height, the foil dies 
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could be lowered to precisely contact the top of the droplets and form the capillary 
bridges. The procedure ensures accurate control over pre-alignment and release of the 
foil dies. A self-alignment yield of 95% and an alignment accuracy of 15 ± 6 μm were 
obtained from 20 experiments performed for each laser patterning type (Figure 5.4c 
and 5.4f). No performance dependence on the type of laser scribing was noticed. This 
result can be explained by the similarity of the inner sidewalls of the microhumps pro-
duced by both types of lasers, despite the different shape of the grooves (see insets of 
Figure 5.4a and 5.4d). Thus both nano- and picosecond lasers can be equivalently em-
ployed for foil-to-foil capillary self-alignment. In the following, the nanosecond laser, 
being more accessible, was chosen as the primary laser source.  

 
Figure 5.4: Optical images of capillary self-alignment of 10 × 10 mm2 foil dies onto carrier foils patterned 

by nano- (a-c) and picosecond (d-f) lasers. Insets in (a) and (f) High precision alignment was 
registered for both cases despite the difference in shape of the ablated groove (insets in (a) and 
(d), respectively).  

5.3.1.B     Initial Misalignment 

A systematic study of the impact of the initial die offset − known to influence the dy-
namics and final registration accuracy of capillary self-alignment − was conducted for  
this process.  A 10 × 10 mm2 foil die was released five times from each of the chosen 
initial offsets. The results point to the presence of an optimal offset window, i.e., a 
discernible range of initial offsets for which foil dies self-align reproducibly and with 
high accuracy (Figure 5.5a). 
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Figure 5.5: Self-assembly yield of (a) native and (b) O2-plasma treated 10 × 10 mm2 PEN foil die as a 

function of initial release offsets (normalized to die side length). In both cases foil dies were self-
aligned onto a patterned native PEN carrier foil. For each initial offset value, five experiments 
were performed, and corresponding success rates are illustrated by pie charts.  

Moreover, the self-alignment process yields a binary result. Depending on its initial 
offset, a released foil either immediately fails to align and in this case sticks at its re-
lease position due to water overspreading − or it successfully self-aligns with an accu-
racy of 10 to 15 μm (Figure 5.6). Indeed, and contrary to the all-chemical patterning of 
foil carriers[13], [37], liquid overspreading beyond laser-structured trenches is non-
reversible, i.e. the liquid cannot retract back onto the binding site. It is important to 
note that the use of the same laser system for patterning and dicing both carrier sub-
strates and foil dies clears instrumental tolerances (estimated to be 30 μm) and facili-
tates self-alignment with the demonstrated alignment accuracy. 

 
Figure 5.6: Top (a) and side (b) view images of 10 × 10 mm2 foil die self-aligned onto patterned carrier 

foil. The laser-induced microhumps enhance liquid confinement within the receptor site, as 
expected from recessed sites[1].  
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5.3.1.C     Surface Energies 

As shown in Chapter 3 the energy of the surfaces constraining the liquid meniscus 
influences the dynamics of capillary self-alignment. Foil-to-foil capillary self-alignment 
is characterized by significantly longer assembly times compared to foil-to-silicon/
silicon-to-foil  assembly[18]. Given the same assembly liquid (water), this can be ex-
plained by the lower surface energy of and consequently slower liquid spreading on 
native PEN foils than on native silicon dioxide[19]. 

Three sets of self-alignment experiments were performed with 10 × 10 mm2 foil dies 
to investigate the spreading dynamics of the water menisci across the sites (Figure 5.7). 
First, as reference case, untreated foil dies were self-aligned onto untreated carrier 
substrates (Figure 5.4a-c). Two more sets of experiments involved untreated foil dies 
onto O2-plasma treated, hydrophilic base foils (water CA: 8º ± 2º) and, in reverse mo-
dality, equally treated foil dies onto hydrophobic carrier substrates. The results demon-
strated a significant increase (over 30 times) of the water spreading velocity for the 
case of either hydrophilic dies or hydrophilic substrates relative to the reference case.  

 
Figure 5.7: Spreading dynamics of the water meniscus initially confined within a circular trench (4.5 mm 

in diameter) over native and O2-plasma treated PEN foil substrates upon release of a         
10 × 10 mm2 bare PEN foil die. Slightly asymmetric spreading of water was averaged (see 
circles on inset frames).  

Whereas water spreading was accelerated, capillary self-alignment experiments on hy-
drophilic carrier foils systematically failed for all initial offsets ranging from 0.15 to 6 
mm. This is attributed to the inability of hydrophilic laser-scribed trenches to hold the 
water inside the sites (Figure 5.8a and 5.8b). Conversely, no overspreading was      
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observed for hydrophilic foil dies, which self-aligned onto native carrier foils with     
17 ± 4 µm accuracy and 100% yield out of 25 experiments (Figure 5.8c and 5.8d). In 
addition, for this modality a noticeably larger optimal window of initial offsets was 
observed (Figure 5.5b). Particularly, foil dies released from initial offsets equal to 60% 
of their lateral dimension could still be self-aligned with the best accuracy.  

 
Figure 5.8: Optical images of (a) 12.5 μl of water spread over an O2-plasma treated carrier foil and (b) 

corresponding failed alignment of a matching native foil die due to water overspreading; (c) 12.5 
μl of water pre-confined within the inner circular trench on a native carrier foil and (d) 
corresponding correct alignment of a matching O2-plasma treated foil die; (e) 187.5 μl of water 
spread over a native carrier foil and (f) corresponding failed alignment of a matching native foil 
die due to water overspreading. Self-alignment of native foil die onto native carrier foil is shown 
on Figure 4a-c. In all cases the carrier foils consisted of a 10 × 10 mm2 binding site with a 
laser-scribed, 4.5 mm in diameter inner circular trench.  

Additionally, self-alignment was attempted with native PEN surfaces for both foil die 
and carrier in the presence of an amount of water (187.5 μl) covering 97% of the 10 × 
10 mm2 binding site from the outset (Figure 5.8e). Only dewetting from corners pre-
vented full site coating [1, 20, 21]. In this setting, overspreading of the excessive amount 
of water over the microhumps and consequent alignment failure were consistently 
registered (Figure 5.8f). Such failure could be overcome by increasing the hydrophobi-
city of the receptor sites, as suggested in[22]. 
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5.3.2     Foil-to-Foil Integration 

To complete the functional integration, electrical interconnections need to be estab-
lished. In this respect, liquids typically used as an assembly medium for capillary self-
alignment (for instance, water) are isotropically conductive and therefore not suited as 
conductive materials required for electrical interconnections, such as isotropic conduc-
tive adhesives (ICA). Recently Landesberger[23] suggested the use of an anisotropic 
conductive adhesive (ACA) as both the assembly medium for capillary self-alignment 
and as the conductive material to electrically connect thin silicon chips onto polyamide 
foil substrates. However, no functionality of the integrated system was reported.  

 
Figure 5.9: Process steps for foil-to-foil electro-mechanical integration. (a) Patterning and dicing of the 

functional foil die: 1) laser-scribing to isolate functional and non-functional areas; 2) dicing of 
the functional foil. (b) Patterning of the carrier foil: 1) laser-scribing of a binding site of the 
same shape and size as the functional foil die; and patterning of the circular trenches in the 
corners of the binding site; 2) laser-ablation of the access window; 3) stencil-printing of thin 
layer of ICA paste on the electrodes. (c) Dispensing of water onto the circular receptor sites on 
the base foil, and facedown capillary self-alignment of the foil die followed by curing of the ICA 
paste.  

As an alternative approach, here a technique is employed whereby foil-to-foil self-
alignment and interconnection are performed separately and without interference of 
assembly medium and interconnection material by means of laser-enabled separation 
of (electrically) functional and non-functional areas. The process is defined as follows 
(Figure 5.9): 
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a) A foil die containing specific functionality, such as a printed sensor, is laser-
patterned and diced: 

1. A trench is laser-scribed around the functional area to isolate it from the rest of 
the surface of the carrier foil; 

2. The functional foil die with separated (functional and nonfunctional) areas is   
laser-diced.  

b) A base carrier foil with printed electrodes is patterned: 
1. A trench is laser-scribed to create a binding site matching the shape and size of the 

trench separating the areas on the foil die, and four circular water-confining 
trenches are laser-scribed near the corners of the binding site. The latter allows the 
deposition of identical droplets over the surface, ensuring better control over pre-
alignment and release of the foil dies; 

2. Optionally, a window is laser-ablated to provide access to the functional area of 
the foil die after its facedown integration onto the base foil; 

3. A layer of isotropic conductive adhesive (ICA) paste (25 µm) thinner than the 
height of the water menisci (125 µm) is stencil-printed on the electrodes of the 
base foil to provide an electrical connection with the matching metal tracks on the 
functional foil die. 

c) Water is dispensed onto the circular receptor sites on the base foil, and facedown 
self-alignment of the functional die is performed. Upon evaporation of the water, 
the metal tracks on the foil die touch the ICA paste film. The ICA is then cured to 
establish foil-to-foil interconnection.   

Demonstration of the integration process was performed through a 35 × 30 mm2 foil 
die embedding a 15 × 15 mm2 Au-sputtered interdigitated electrode (IDE) array that 
can be used as capacitive humidity sensor[24]. It features standardized flex flat cable 
interconnections with 1 mm-pitch electrodes. The die was integrated onto 125 µm-
thick RFID tag base foils featuring matching screen-printed silver tracks (Figure 
5.10a). Given the 0.7 mm-wide electrode lines with 0.3 mm-wide gap, component reg-
istration accuracies on the order of 50 μm or less are necessary. The functional foil die 
was coarsely pre-aligned to the corresponding binding site (Figure 5.10b) and then 
released onto the four droplets . As reported in Section 5.3.1.B, treated foil dies show 
a wider optimal offset window compared to native foil dies (Figure 5.5). Still, the ac-
ceptance window’s width available for untreated foil dies (Figure 5.5a) was sufficient 
for the considered application, so that manual self-alignment and subsequent integra-
tion of the functional foil die could be directed only by topological laser patterning, 
thus avoiding additional surface treatment. Alignment accuracy better than 15 µm was 
obtained (Figure 5.10c and 5.10d) with the interconnect lines precisely superposed 
(Figure 5.10e). The same assembly precision was observed after bonding of the foil die 
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by curing the ICA paste (Figure 5.10f and 5.10g). Thus the final integration step, in-
cluding the evaporation of the assembly liquid and curing of the conductive paste, did 
not impede the high registration accuracy achieved via prior capillary self-alignment. 
The capacitance values of an array of interdigitated electrode sensors were measured 
before and after the integration with an LCR impedance analyzer. The sensors have 
differing geometries resulting in different capacitances. For all six sensors the meas-
ured capacitance values after bonding were in a good agreement with the initial values 
(Figure 5.10h). A small, systematic change in capacitance was observed due to the 
parasitic wiring onto the base foil. An identical IDE array – previously integrated via 
standard pick-and-place assembly[24], and showing equal capacitive values as in the 
present case both  before and after bonding – was successfully used for capacitive 
humidity  sensing[7].  

5.4     Conclusions 

This chapter introduces a new technology for high-precision mechanical and electrical 
integration of mesoscopic functional foil systems. The foil-to-foil assembly exploits 
laser-based topological surface structuring to achieve both accurate foil die capillary 
self-alignment and electrical interconnection of the foil die to base foil carriers 
through conductive adhesives. An acceptance window of initial die offsets allowing 
centimeter-sized dies to align with accuracy limited only by patterning tolerances were 
identified. It was shown how such window as well as liquid spreading and concurrent 
die self-alignment dynamics can respectively be widened and accelerated by tailoring 
the surface energies of the bounding surfaces. Water evaporation and curing of the 
conductive paste during bonding barely influence the high registration accuracy 
achieved by prior capillary self-alignment. Electro-mechanical full system assembly 
was demonstrated through the integration of functional foils connecting an array of 
Au-sputtered capacitive humidity sensors onto patterned circuitry foils. The technolo-
gy enables the efficient, low-cost and large-scale integration of functional systems-in-
foil applications. 
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Figure 5.10: Optical images of (a) 180 µl of water confined within four 6 mm in diameter circular acceptor 

sites laser-scribed on a base foil. (b) A coarsely pre-aligned 35 × 30 mm2 functional foil die 
with Au-sputtered 15 × 15 mm2 interdigitated capacitive humidity sensor array. (c) The 
sensor foil after self-alignment onto a patterned base foil with printed circuitry. (d) Close-up top 
view of the 0.7 mm wide interconnect lines with a 0.3 mm wide gap, and (e) side view of liquid 
meniscus sandwiched between self-aligned foil die and corresponding binding site on a carrier 
foil. (f) The sensor foil after the integration onto a carrier substrate. (g) Close-up top view 
featuring well aligned metal tracks connected to the matching silver electrodes on the base foil. 
(h) Comparison between the measured capacitance values before and after integration for the 
whole array of capacitive sensors.   
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Chapter 6    | 

 

All-capillary Strategy for                    
Continuous Assembly 

 

This chapter reports a novel pick-and-place technology driven by capillary forces for 
cost-effective and high-precision assembly of mesoscopic components onto structured 
substrates. Based on competing liquid bridges, the technology combines capillary 
grasping, handling and releasing with capillary self-alignment of components onto pre-
patterned receptor sites. The performance of the capillary gripper is analyzed by com-
paring measured capillary gripping forces with numerical estimates based on a com-
plete theoretical model of the liquid meniscus profile. Two release strategies ‒ based 
on vertical and lateral capillary forces, and enabling high-resolution self-alignment of 
mesoscopic foil-based dies onto stationary and moving foil substrates, respectively ‒ 
are discussed and experimentally validated. The innovative release-and-assembly pro-
cess by moving substrate demonstrates the feasibility of roll-to-roll-compatible high-
resolution and high-throughput robotic assembly.  

 

Published as:                 
G. Arutinov, M. Mastrangeli, E. C. P. Smits, G. van Heck, P. Lambert, J. M. J. 
Toonder, A. Dietzel, Capillary Gripping and Self-alignment: A Route Towards Autonomous 
Heterogeneous Assembly (submitted). 
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6.1     Introduction 

Assembly of components onto target substrates are commonly performed through a 
variety of robotic gripping techniques[1]. Several principles and forces are exploited to 
handle components of centimetric down to micrometric sizes[2]. These notably include 
electrostatic[3] and van der Waals forces[4]; capillary gripping[5] and ice grasping[6]; and 
contactless handling through laser trapping[7], acoustic levitation[8] and Bernoulli’s prin-
ciple[9]. Non-intrusive manipulation by e.g. optical tweezers[10], electrokinetic[11] and 
acoustic traps[12] is limited by the relatively small force generated (~ nN). Conversely, 
most conventional mechanical grippers are in direct contact with components during 
pick up, move and release operations, and the force they exert may damage delicate 
components[3]. By virtue of favorable force downscaling, component self-centering 
and soft grasping of delicate components while still exerting significant force (~ mN), 
capillary grippers represent a non-intrusive manipulation techniques of choice for 
component assembly [13, 14].  

A capillary gripper is a robotic end effector handling a liquid droplet at its extremity. 
The gripper touches an approaching component indirectly through the droplet form-
ing a liquid bridge. The compliance of the droplet avoids imparting excessive shocks 
to the components; and by its wetting action the droplet can grasp objects with rough 
and warped surfaces. The lifting forces ensuing from the confined liquid bridge allow 
grasping and handling of components with masses up to tens of milligrams[1]. Even for 
very high accelerations and in absence of additional measures for component release, 
the capillary lifting force remains larger than the weight of such components after pick 
up. A variety of component release strategies have been proposed. These strategies can 
be divided into two general categories: passive and active[1]. Passive strategies exploits 
environmental conditions to reduce adhesive forces between gripper and object. Ac-
tive strategies employ additional forces for object release. Instances are the modifica-
tion of the curvature of the gripper[15], change in meniscus pressure by gas injection[16], 
gluing components to substrates[17], or pushing components against an edge[18].  

Vasudev et al. utilized electrowetting to squeeze the liquid meniscus and dynamically 
vary the capillary force of the liquid bridge, thus enabling components to be picked up 
with high lifting force and released with a reduced one[5]. Fantoni et al. proposed a 
grasp-release strategy whereby dynamic meniscus deformation and gasping force con-
trol is obtained through the transition between hydrophobic and hydrophilic          
surfaces[19]. All mentioned grip-release techniques are effective, yet they require an 
additional apparatus external to the gripper, which adds complexity to the system. 
Obata et al. proposed a capillary gripper based on competitive liquid bridges with con-
trolled liquid volumes to pick up and release microspheres[20]. Fuchiwaki and Kumagai 
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extended this technique by making use of a pair of wet rods to handle objects of artic-
ulated geometry and fix their position[21]. Recently Sariola et al. demonstrated compo-
nent self-centering in a micromachined capillary gripper[13]. The same group formal-
ized the concept of hybrid microhandling out of the combination of robotic handling 
and capillary self-alignment for deterministic placement of released microcomponents 
on substrates[22]. Along this line, in Chapter 5 an integration process based on topolog-
ical surface structuring via laser patterning for accurate capillary self-alignment of cen-
timetric foil dies is demonstrated. In the robust but low-throughput process, electrical-
ly functional foil dies were first coarsely aligned with water-coated shape-matching 
receptor sites by means of vacuum tweezers, before accurately self-aligning through 
capillarity. 

 
Figure 6.1: Capillary gripping and release. Sketch (a) and optical image (b) of a foil die held between 

competing liquid bridges.  

Section 6.1  Introduction 
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In this chapter, an autonomous foil-to-foil component integration concept based on 
seamless combination of capillary gripping and self-alignment is introduced. The pro-
cess exploits competing liquid bridges[20, 21] (Figure 6.1) to grasp, move, release and 
accurately self-align mesoscopic foil dies onto pre-patterned substrates (Figure 6.2). 
The gripper is composed of a capillary, i.e. a cylindrical liquid-filled tube with both 
ends open attached to a programmable and remotely-controlled stage (Figure 6.1 and 
6.3). In combination with a novel dynamic release technique, the open-ended capillary 
gripper enables a simpler assembly process with superior throughput. 

The capillary gripping and self-alignment procedure along with the gripping apparatus 
are described in section 6.2. In section 6.3 measured gripping forces are substantiated 
by numerical estimates based on experimental observations of the liquid meniscus, and 
additionally compared with a theoretical model of axisymmetric capillary gripping forc-
es. Two alternative strategies are then illustrated for component release on stationary 
or moving substrates, respectively. Section 6.4 shows the validation of the process 
through the autonomous assembly of foil dies. Conclusions are drawn in section 6.5. 

6.2     Capillary Gripping and Self-Alignment  

For the assembly of foil dies, the proposed capillary gripping and self-alignment 
process proceeds as follows (Figure 6.2): 

1.  The water-filled capillary is lowered and brought into contact with the foil die; 
2.  Sealing the low end of the capillary forces wetting of the die surface, forming the  
capillary-die liquid bridge (Figure 6.1); 
3.  Upon vertical retraction (i.e. pull-off) of the capillary, the foil die is lifted by the 

force exerted by the liquid bridge; 
4.  An outer trench is laser-scribed onto the carrier creating a receptor site matching 

the foil die, and an inner circular trench is laser-scribed in the center of the site (see 
Chapter 5); 

5.  A water droplet is dispensed within the inner trench, where it remains confined 
with a predictable profile (see Chapter 5); 

6.  The die is coarsely aligned with the binding site through the gripper, and upon 
contact with the droplet the die-carrier liquid bridge is formed (Figure 6.1); 

7.  The die-carrier liquid bridge takes over the die, the force exerted being by design 
larger than the competing force provided by the capillary-die bridge. Hence the capil-
lary-die liquid bridge collapses releasing the die from the gripper; 

8.  Upon release, the foil die self-aligns onto its matching site driven by the con-
strained relaxation of the underlying liquid meniscus (see Chapter 2). 

The capture range of the gripper is limited by the vertical protrusion of the droplet, so 
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that in the limit of submillimetric droplets accurate positioning of and/or force feed-
back from the gripper is necessary to avoid direct and potentially damaging impacts 
with the component. One early gripper design had a water-filled glass capillary com-
plemented by a magnetically-actuated piston[23]. The push-pull action of the piston 
deformed the water drop and could change the working range of the gripper, though 
requiring the application of an external magnetic field. To significantly reduce peak 
impulsive contact forces exerted on components, the gripper is made compliant by a 
shock isolator lock (Figure 6.3). 

 
Figure 6.2: Sketch of the process steps for foil-to-foil integration by capillary gripping and self-alignment: 

(1) gripper approaching the foil die, (2) formation of the capillary-die liquid bridge by sealing 
of the capillary head, (3) lifting the foil die by vertical pull-off of the capillary, (4) laser pat-
terning of the receptor site on the carrier substrate, and water dispensing within the inner con-
fining ring, (5) coarse pre-alignment of the die on the site, (6) formation of the die-carrier 
liquid bridge (7-8) release of the foil die from the gripper and constrained self-alignment on the 
receptor site.  

The capillary is suspended by the locking mechanism, and when reaching contact with 
an object it can glide upward (Figure 6.3a). In this way, throughout the entire grasping 
phase the component experiences the mechanical impact exerted solely by the weight 
of the capillary and supporting sliding mechanism (total weight of a few mN) rather 
than that of the complete gripping stage (Figure 6.3). Moreover, the compliant contact 
with the component surface compensates for the limited protrusion of water from the 
low end of the capillary, since it forces the repeatable formation of the die-carrier liq-
uid bridge by lubrication and partial wetting. Combined with the relatively large 
amount of water contained in the capillary, such self-lubricating contact allows the 
consecutive assembly of several components without necessity of capillary refill and 
thus significantly improves the throughput of the process. 
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Figure 6.3: (a) Sketch and optical pictures of the capillary gripper with shock isolator lock reducing the 

impulsive forces exerted on the object upon contact. (b) Grasping sequence of the capillary 
gripper.  

6.3     Results and Discussion 

6.3.1     Capillary Lifting Force 

The free-body diagram of a foil die resting on a carrier and contacted by an axisym-
metric liquid meniscus protruding from a cylindrical capillary tube (i.e. the capillary-die 
liquid bridge) is shown in Figure 6.4. The gravitational force FG=(mliq+mdie)g and the 
adhesion force (FA) pull the foil die towards the carrier substrate against the lifting 
capillary force FC exerted by the liquid bridge. The latter results from the sum of two 
force components (Eq. 6.1)[18]. Derived from the Laplace equation, the Laplace force 
component FL=Δp∙SB=γH∙SB (Eq. 6.2) arises from the curvature H of the liquid/air 
interface that compensates the pressure drop Δp across it. The tension force FT      
(Eq. 6.3) is directly exerted by the vertical component of the surface tension of the 
liquid interface at the triple contact line. 
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FC = FL+FT  (6.1) 

FL = γH∙SB = γ(1∕r1+1∕r2)πR²1 (6.2) 

FT = 2πR1γ∙sinθ1   ² (6.3) 

 
Figure 6.4: Free-body diagram of a foil die resting on a carrier and in contact with the axisymmetric 

capillary-die liquid bridge.  

In the previous equations, γ is the surface tension (≈72 mN/m for water), R1,           

SB = πR²1  and θ1 the radius, area and contact angle respectively of the circular foot-
print of the liquid bridge on the die surface (see Figure 6.8), and r1 and r2 its principal 
radii of curvature. The pull-off condition for grasping a component of weight mdieg 
from the carrier, namely: 

mdieg + FA < FC      (z = 0) (6.4) 

defines the (minimum) pull-off force FP = mdieg + FA . During handling, the following 
dynamic condition holds: 

mdiea < FC               (z > 0) (6.5)  

a being the component acceleration. 

6.3.1.A     Direct Force Measurements  

According to Eq. 6.1-3, FC depends on R1, which in turn directly depends on the radi-
us R of the capillary tube. To benchmark this, capillary grippers (see Appendix A.6.1) 
with single metal capillary tubes of different radius (0.41, 0.83 and 0.92 mm, respec-
tively) were tested. A 150×150 mm2 foil die was fixed to the weighing plate of the 
electronic balance (XS105, Mettler Toledo) with a resolution of 10 µg (Figure 6.5).  
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Figure 6.5: Schematics of the setup for lifting force measurement using an electronic analytical balance and 

side view camera (see Appendix A.6.3).  

The positioning base stage (see Appendix A.6.3) was used to bring the water-filled 
capillary in contact with the foil surface. Upon pull-off of the gripper with a speed of 
10 µm/s, the liquid bridge was stretched vertically and the lifting force exerted by the 
capillary-die liquid bridges was measured by the balance reading as function of the gap 
h between the bottom of the capillary and the foil surface (Figure 6.6). For all capillar-
ies tested, there is an initial increase of lifting force with increasing gap up to a maxi-
mum, after which the lifting force decreases with further increase of the gap, down to 
zero at which point the liquid bridge breaks, i.e. pinch-off occurs (Figure 6.6a). Wider 
capillaries exert larger maximum lifting forces that scale with the square of their radius 
(Figure 6b). Notably, since grasping force can only be exerted by capillary grippers 
with nonzero radius, the linear approximation shown in Figure 6.6b cannot be extrap-
olated for R→0 (see highlighted region in Figure 6.6b).  

To investigate the role of grasping dynamics on the lifting force of the gripper, the 
capillary-die liquid bridges were axially stretched with constant speeds v ranging from  
1 µm/s up to 50 mm/s. No noticeable differences were observed in the corresponding 
force-vs-gap curves. This could be explained by the fact that the shape of the liquid 
bridge has a characteristic response rate proportional to the capillary velocity, i.e. the 
ratio of surface tension and viscosity of the liquid vcap = γ/η ≈ 73 m/s for a water/air 
interface at room temperature. Thus, under pull-off velocities v << vcap as in the given 
case the capillary bridge evolves relatively slowly compared to the relaxation rate of the 
meniscus. Consequently, the pull-off motion could be described as a quasi-static pro-
cess in all cases. 
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Figure 6.6: Performance of capillary grippers of differing inner radii (R, see Figure 6.8). (a) Lifting force 

versus gap, and (b) maximum gripping force Fmax versus R2. Since the neck radius of the 
liquid bridge is ~ r2 < R when Fmax is exerted, the force scaling shown in (b) is not expected 
to extrapolate linearly to R→0 (see highlighted region).  
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6.3.1.B     Geometrical Benchmark 

To evaluate the contribution of the Laplace and surface tension terms to the total lift-
ing force, the stretching evolution of the liquid bridge formed by the capillary with 
0.83 mm radius was recorded with a synchronized high-resolution side view camera 
(see Appendix A.6.3) providing the profile and dimensions of the capillary bridge 
(Figure 6.5). All quantities entering into Eq. 6.2 and 6.3, such as θ1, R1, r1 and r2, were 
derived from post-processing of the recorded frames (Figure 6.7b-d). Consistently 
with Eq. 6.3, r1 and r2 are assumed to be approximately constant. They were measured 
at the neck of the liquid bridge. Figure 6.7e shows qualitative agreement between 
measured and numerically reconstructed grasping forces. Both reach the maximum 
values (0.60 mN ± 0.02 mN and 0.66 mN ± 0.02 mN, respectively) at approximately 
the same value of the gap (175 µm ± 10 µm, see highlighted region on Figure 6.7e).  

The results in Figure 6.7 describe the following evolution of the liquid bridge. During 
pull-off, water flows into the bridge out of the capillary (Figure 6.7f). The triple con-
tact line of the meniscus remains pinned on the lower surface, and the contact area 
therefore remains constant (Figure 6.7c), while the contact angle decreases         
(Figure 6.7b). Upon further stretching of the bridge, the contact angle reaches its re-
ceding value (Figure 6.7a), hence the contact line unpins and the radius of contact area 
is observed to decrease linearly (Figure 6.7c). As the gap continues to increase the 
bridge thins down and finally pinches off at its center, leaving a small droplet on the 
surface of the foil after breakup. The rupture of the meniscus occurs at different elon-
gation values depending on the radius of the capillary (Figure 6.6a).  

6.3.1.C     Theoretical Model 

The quantitative mismatch between the measured and numerically reconstructed 
grasping forces (Figure 6.7e) is attributed to 1) small measurement errors by image 
processing (see Appendix A.6.3) the effect of the hydrostatic pressure exerted by the 
water column of the capillary on the meniscus profile. The water column being signifi-
cantly longer than the capillary length L = (γ/ρg)½ of water (about 2.7 mm in standard 
conditions), its weight cannot be neglected in the force balance. Moreover, and contra-
ry to standard capillary grippers, the volume of the capillary-die liquid bridge is in this 
case not constant, and instead increases with the gap (Figure 6.7f). As the gap rises, 
gravity pulls water from the reservoir inside the capillary to the bridge. The capillary 
contains 16 µL of water (as filled by capillary rise) – a substantial volume compared to 
that of the liquid bridge (Figure 6.7f). Such downward water flow is made possible by 
the open top end of the capillary, where an additional water/air interface is present. A 
complete theoretical model of the capillary gripper is developed and numerically im-
plemented 1) to obtain a more accurate reconstruction of the curvature of the menis-
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cus, and thereby taking better account for all the force components, and 2) to under-
stand the role of the additional water/air interface in the gripper performance.  

 
Figure 6.7: (a) Static and receding contact angles of water on a PEN foil. (b) Contact angle, (c) the bot-

tom (R1) and top (R2) radii of the liquid bridge, (d) the curvatures of the meniscus, (e) La-
place and tension force components, and (f) the volume of the liquid bridge versus the gap as 
obtained by image processing of the recorded evolution of the bridge.  
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Figure 6.8: Geometry of the capillary gripper (not to scale).  

The cylindrical geometry of the capillary gripper sketched in Figure 6.8 is considered. 
The gripper, of inner radius R, is filled with water of surface tension g, density             
ρ = 1000 kg/m3 and volume V. It is in contact with the substrate through an axisym-
metric meniscus across a gap distance h. Experimental data (Figure 6.7) evidence that 
all relevant geometrical parameters ‒ i.e. the radius R1 and the contact angle θ1 of the 
circular footprint of the meniscus on the substrate, the radius of the circular contact 
line of the meniscus with the gripper R2, the meniscus profile r(z) ‒ vary as a function 
of the gap. 

The model is quasi-static ‒ consistent with the dynamics of axial stretching discussed 
in 6.3.1.A ‒ and reconstructs the geometry of the water meniscus r(z), and hence the 
force applied by the gripper on the substrate, for given h. A force versus-time profile 
of the gripping action can thus be obtained from the knowledge of the time sequence 
of the gap values.   

All parameters of the geometry could be obtained from the experiments, except for 
the contact angle of the liquid on the inner capillary surface θ0, which could not be 
visualized in real-time because of the metallic, opaque capillary used in the reference 
experiment. 

The axisymmetric profile r(z) of the water meniscus can be reconstructed from the 
axisymmetric formulation of the Laplace equation: 

 

           (6.6) 
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provided two boundary conditions and Δp(z) , which can be obtained from: 

pin(z) = patm + Δptop + ρg(zm-z)  

where 

 

is the pressure jump across the interface at the top, open end of the capillary (ς being 
its radius of curvature), and zm is the total height of the water column. Hence: 

 

 

 

The second order, non-linear differential equation (Eq. 6.6) can be solved by positing    
( ' indicates derivative with respect to z): 

 

 

thus obtaining r(z) from the following system of second-order differential equations: 

 

                                                             (6.7) 

complemented by the boundary conditions: 

                  (6.8) 

 
A shooting method[24] was used to solve this problem for each value of the gap in the 
experimental gripping sequence. Eq. 6.7 was solved for r(z) through the ode45  
Matlab routine using the boundary conditions (Eq. 6.8). The solution was accepted 
when the reconstructed value of R2 = r(z=h) coincided with its measured value within 
a relative error of 10-5. The shooting variable was θ1 and R1 respectively before and 
after θ1 reached its receding value (Figure 6.7a and Figure 6.7b). A self-consistent loop 
was implemented to determine the value of zm for each gap value from the knowledge 
of V and that of the reconstructed volume of the meniscus. Finally, the total force of 
the gripper was calculated from[33]:   
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Figure 6.9: Model results. (a) Gripping force versus gap. Shown are measured (mean and standard devia-

tion) force (Fmeas) and force predicted by the theoretical model for constant (Fmin and Fmax) and 
fitted (Ffit) values of θ0, which are represented in (b).  

The comparison between predicted and measured total gripping forces for the same 
(measured) gap values are shown in Figure 6.9a. In absence of experimental data, as 
mentioned, θ0 needs to be used as free or fitting model parameter. In Figure 6.8 nu-
merical predictions for two limiting and constant values of θ0 (10° and 40°, respective-
ly) are presented that can encompass the measured values of the gripping force, as well 
as the force profile predicted by fitting θ0. It is appreciated that the model can capture 
the physics of the experiment and quantitatively reproduce the experimental data. An  
example of numerical reconstruction of the meniscus profile is shown in Figure 6.10. 

The model provides important insights into the significant impact of θ0 on the total 
force exerted by this type of capillary gripper. θ0 controls the relative magnitude of 
Laplace and tangential components of the capillary force, and it is ultimately responsi-
ble for the appearance of a maximum in gripping force as function of gap. By fitting 
values for θ0, such maximum is apparent in the numerical prediction, as well. Such 
fitted values of θ0 (Figure 6.9b) are consistent with the following physical interpreta-
tion. Upon contact of the gripper with the surface of the substrate, θ0 has a value ex-
pectedly much larger than its receding value. Upon gripper pull-off and increase of the 
volume of the meniscus, θ0 decreases until reaching its receding value before the top 
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water/air interface starts to slide downward (in this case, for h ~ 180 µm). Moreover, 
the curvature of the meniscus appears to be more sensitive to changes in T0 than to 
the variation in the height of the water column as function of the gap ‒  the effect of 
the latter being overall negligible, according to the model. This observation prompts 
to the conception of a direct control over the gripping force by means of the control 
of θ0, for instance through electrowetting. 

 
Figure 6.10: Profile of a capillary-die liquid bridge reconstructed by the analytical model and superposed to 

the video frame of the reference experiment (h = 180 µm, R1 = 822 µm, R2 = 785 µm,    
θ0 = 15.5°).  

6.3.2     Adhesion  

The adhesion of foil dies to carrier surfaces strongly depends on the properties of the 
latter as well as on the environmental conditions of pull-off experiments. Adhesion is 
considered to be either physical or chemical in nature[4], and is a function of material 
pair and interfacial conditions[25]. Adhesion forces are proportional to contact area. 
For a foil die of side length l this amounts to FA=βl2, where the dimensional constant 
β, the adhesion density, is a measure of adhesion pressure. Hence: 

 (6.9) 

Where α = 0.36 mg/mm2 is a mass density of the foil die. Therefore the size lmax of 
the largest die, i.e. maximum load, that can be grasped by a maximum grasping force 
Fmax (Figure 6.6b) is: 

 (6.10) 

Accordingly, a set of square-shaped dies ranging in dimensions from 5 mm up to 25 
mm diced from 250-µm-thick PEN sheet (mass density 0.36 mg/mm2) were gripped 
from three surfaces of differing porosity, namely soft cleanroom wipe composed of 
continuous filament polyester knit fabric (Super Polx®1200, Berkshire), white copy 
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paper (Black Label Zero, 80 g/m2, Canon), and PEN foils. All experiments were per-
formed under the same laboratory conditions. To increase the stability of the dies dur-
ing pull-off, a capillary gripper system consisting of four nominally identical capillaries 
was used. The capillaries were arranged in the corners of a square with side length of 4 
mm. Capillary grippers with two different sets of capillaries (radii of 0.92 mm and 0.41 
mm, insets in Figure 6.11) were respectively used. From each surface, dies of each size 
were gripped five times (pull-off velocity of 10 µm/s). A correlation between maxi-
mum load lifted by the capillary grippers and the type of carrier surface was observed 
(Figure 6.11a). Larger dies could be gripped from porous wipes coated with a hydro-
phobic layer. The adhesion force for each surface type was evaluated by the corre-
sponding workload diagram (Figure 6.11b). The force values calculated using both 
types of capillary grippers are in good agreement (Figure 6.11c). 

6.3.3     Release and Self-Alignment Strategies 

The release strategies proposed here exploit the formation of the die-carrier liquid 
bridge (see Figure 6.1 and step 6 in Figure 6.2). Not only is such bottom liquid bridge 
designed to prevail over the top capillary-die bridge so to release the component from 
the grasp of the capillary; it is also the medium itself driving the capillary self-
alignment of the component on its matching receptor site. In this way the release of 
the component seamlessly coincides with the inception of its self-alignment (i.e. transi-
ent wetting regime, see Chapter 3). The release condition is the inverse of the grasping 
condition (Eq. 6.4), i.e.:  

                     (6.11) 

where FBot and FC are capillary forces exerted from bottom and top liquid bridges  
respectively. As shown in Figure 6.6b, the maximum capillary force applied on a die 
scales with the cross-sectional area of the capillary, which can be approximated by the 
contact area         created on the foil die. FBot can be estimated from the radius RBot of 
the contact area formed on the die by the liquid droplet confined on the site upon 
contact ‒ which ultimately depends on its volume[20]. Self-alignment experiments using 
10 × 10 mm2 PEN foil dies were performed. The carrier foil was laser-scribed with a 
matching square outline trench and inner circular trench with radius of 2.25 mm. This 
geometry allows the repeatable confinement of a 12.5 μl drop of water within the inner 
circle, which ensures optimal performance (Figure 6.12a). Such tight confinement 
(Figure 6.13a) yields an immediate water overflow beyond the circular trench upon 
contact with the foil die[26] and a more reproducible initial spreading of the water me-
niscus across the binding site upon landing of the foil die. 

To estimate Rbot, the foil die was coarsely superposed onto the binding site through the 
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micropositioner while being held a few millimeters above the droplets. It was then 
lowered to precisely contact (gap h*) the top of the droplet and form the die-substrate 
liquid bridge (Figure 6.12b). As a result, a circular interface with radius Rbot = 1.55 mm 
is immediately generated on the bottom surface of the foil die. 

 
Figure 6.11: Grasping of foil dies from different surfaces through two different capillary grippers. From each 

surface type, one foil of each size was gripped five times with pull-off velocity of 10 µm/s.     
(a) Success chart, (b) workload diagram and (c) corresponding adhesion densities for the sur-
face types.  
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Figure 6.12: (a) Sketch of a foil die brought in contact with a droplet confined in the center of a receptor site. 

(b) Top view optical image of the foil/water interface created immediately upon contact of the 
die with the droplet.  

According to Figure 6.6b, the capillary force FBOT can then be estimated as 1,8 mN. 
Therefore, a 10 × 10 mm2 foil die (weight: 0.35 mN) can be picked up from clean-
room wipe (adhesion force: 0.7 mN), pre-aligned with a corresponding receptor site 
and thereby released and self-aligned by capillary grippers with 0.7 mN < Fmax < 2.15 
mN. This was experimentally validated by means of a gripper equipped with four glass 
capillaries with a radius of 0.41 mm, leading to a lifting force of Fmax = 1,06 mN. The 
experiments were repeated 15 times with 100% assembly yield (Figure 6.13b).  

 
Figure 6.13: Optical images of (a) 12.5 μl water droplet pre-confined within the inner circular trench onto a 

patterned carrier foil and (b) corresponding self-alignment of a matching 10 × 10 mm2 foil die. 

The assembly approaches described so far are derived from conventional pick-and-
place assembly, wherein dies are assembled onto pre-defined receptor sites over station-
ary carrier substrates (Figure 6.2). Here a distinctive release technique based on lateral 
(shear) capillary forces is additionally proposed that enables system integration by ca-
pillary self-alignment onto moving substrates ‒  therefore compatible with an automatic 
assembly line (Figure 6.14). The process starts with the steps 1-5 of Figure 6.2 ‒ that 
is, gripping a die from a donor substrate, patterning a carrier foil placed on a movable 
web and dispensing the liquid within the inner circular trench of the receptor site 

Chapter 6 All-capillary Strategy for Continuous Assembly 



 Page  |  99 

 

 

(Figure 6.2 and 6.14). However, release and self-alignment steps proceed differently 
compared to the conventional approach (depicted as the first route in Figure 6.14). 
The foil die is pre-lowered to the above specified height h* by means of the capillary 
gripper, and the carrier foil is then moved towards the suspended foil die with the 
constant speed vw=80 mm/s << vcap (Figure 6.14). Upon close approach, the droplet 
confined on the carrier foil touches the die, and since the carrier foil crosses the die 
with relatively low velocity, the die-carrier liquid bridge has enough time to form and 
take over the die from the gripper. Such dynamic shear release technique is autonomous ‒  
i.e. not requiring external triggers ‒  and it is exemplified in the next section. 

 
Figure 6.14: Sketch of the process steps for two alternative routes for foil-to-foil integration by capillary 

gripping and self-alignment: 1) release by vertical capillary forces on stationary carrier, and 2) 
dynamic shear release by lateral capillary forces on moving web.  

6.4     Demonstrator 

The two release and self-alignment strategies based on competing liquid bridges de-
scribed in the previous section were demonstrated through 11 dummy 10 × 10 mm2 
foil dies, each weighting 0.35 mN and marked with one of the letters spelling “Holst 
Centre”. The experimental platform consisted of the capillary gripper fixed to a z-axis 
precision stage and of a movable x-y stage with feeding and receptor areas. The for-
mer was covered with cleanroom wipe, from where the 11 test foil dies were picked 
up, and the latter was the patterned carrier foil with 11 corresponding receptor sites. 
An overview of the platform is shown in Figure 6.15.  
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For this study a capillary gripper with four, 0.65 mm in radius glass capillaries were 
used. The gripper was chosen according to the strategy described in the previous sec-
tion and to fulfill Eq. 6.4 and Eq. 6.11. Glass capillaries fabricated from Pasteur pi-
pettes (Wu Mainz, Germany; radius of 0.65 mm) were chosen for the gripper. Over-
view and side (close-up) view cameras recorded the complete assembly process. The 
high-resolution top microscope camera was used to inspect alignment precision upon 
die assembly on the carrier foil. Excerpts are shown in Figure 6.16 and Figure 6.17 for 
the two release strategies, respectively.  

High precision alignment (around 20 µm) was registered for both cases (inset in     
Figure 6.16f and Figure 6.17f). For the assembly on the moving web, high-resolution 
top camera with frame rate of 60 fps was used to record the self-alignment dynamics 
of the die (Figure 6.17ef1-ef4). The extracted frames show that, upon contact of the 
die with the droplet pre-confined on the carrier foil, the die-carrier liquid bridge is 
formed and releases the die from the grasp of the capillary gripper (Fig. 6.17ef2). The 
released die, now connected through the liquid bridge to the moving carrier, slightly 
overshoots its corresponding receptor site due to its inertia (Fig. 6.17ef2-ef4). The 
laterally-stretched meniscus in turn exerts a shear stress (capillary restoring force) that 
pulls the foil die backwards. The die eventually undergoes damped harmonic oscilla-
tions around its target position and finally self-aligns with high precision (inset in Fig-
ure 6.17f) onto its receptor site. 

 
Figure 6.15: Experimental platform for assembly on moving web. The gripper connected to precision z-stage 

picks up foil components from cleanroom wipe attached to x-y positioning stage. Overview, side 
view and high-resolution top cameras can observe foil dies when gripped and self-assembled.  
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Figure 6.16: Optical overview and side view images and corresponding sketches of capillary gripping and  

self-alignment of a 10×10 mm2 foil die (case of letter “t”): (a) approaching, (b) touching and 
(c) gripping the die resting on a cleanroom wipe with a capillary gripper, (d) touching a liquid 
pre-confined within the inner circular trench on a carrier foil, (e) releases of the die from the 
grasp of the capillary gripper, (f) high precision (inset in (f)) self-alignment of the die onto 
carrier foil. 
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Figure 6.17: Overview and side view images and corresponding sketches of capillary gripping and self-

alignment on a moving web of a 10×10 mm2 foil die by capillary shear (case of letter “t”):   
(a) approaching, (b) touching and (c) gripping the die resting on a cleanroom wipe with a capil-
lary gripper, (d) lowering the die to the height h* (see Figure 6.11a), (e) the water droplet 
confined within the inner circular trench takes over the die from capillary gripper, (ef1-ef4) 
consecutive self-alignment of die on the moving carrier in slow motion, (f) high precision [inset 
in (f)] the foil die after self-alignment onto the carrier foil.  

6.5     Conclusions 

This chapter introduces a new technique for cost-effective and high-precision assem-
bly of mesoscopic foil-based systems. The foil-to-foil assembly exploits competing 
liquid bridges to combine capillary grasping, handling and releasing with capillary self-
alignment of mesoscopic foil dies onto pre-patterned foil substrates within a seamless 
robotic procedure. Measured gripping forces were substantiated and benchmarked 
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through a theoretical model of the axisymmetric capillary gripper. The model accounts 
for the non-constant curvature of the profile of the liquid meniscus, and gives insight 
into the significant impact of the additional liquid/air interface present at the top, 
open end of the gripper. A gripping/release control strategy can be envisaged on the 
active control of the curvature of this distinctive interface. Two alternative strategies 
enabling assembly of components respectively onto stationary and moving pre-
patterned substrates were proposed and validated through the autonomous assembly 
of foils dies.  

The presented capillary grasping and release techniques are expected to be particularly 
useful and applicable also for the assembly of much smaller components [27, 28]. Upon 
size decrease, the weight of the components (scaling with the inverse of the size 
cubed) will play an ever more marginal role in both pick-up and release operations as 
compared to the capillary forces (scaling with the inverse of size) exerted by the liquid 
bridges.  

Finally, the dynamic shear release strategy hereby demonstrated enables system inte-
gration by capillary self-alignment of foil dies onto moving substrates. This makes it 
compatible with an automatic roll-to-roll assembly line, which is most advantageous 
for mass production of foil-based electronics. 

Appendix: Materials and Methods  

A.6.1     Foil Dies and Carriers  
Foil dies and carrier substrates were fabricated from transparent 250-µm-thick Poly-
ethylene Naphthalate (PEN) sheets with mass density 0.36 mg/mm2. 250-µm-thick 
foils were realized by laminating together two commercially available 125-µm-thick 
PEN sheets [Teonex® Q65FA, DuPont; water contact angle (CA) on untreated sur-
face: 65˚ ± 3˚ (static), 60˚ ± 2˚ (receding)]. Static and receding contact angles were 
measure by static and contraction sessile drop methods, respectively (EasyDrop, 
KRÜSS). Nanosecond Nd:YAG laser source (Coherent AVIO, 355 nm, 25 ns) was 
used for patterning and dicing foil dies and carrier substrates[30].  

A.6.2     Capillary Gripper 
The capillary gripper featured cylindrical tubes fixed onto a lightweight 3-mm poly 
methyl methacrylate (PMMA) supporting plate, attached to a micropositioning stage 
through a one-directional locking mechanism (Figure 6.3). The capillaries were fabri-
cated from precision, stainless steel dispense tips (Nordson EDF) consisting of an 
open metal tube attached to a polypropylene leur lock connector.  
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A.6.3     Positioning Base Stage 
The positioning base stage (Newport MM4006 for XY positioning in combination 
with a z-stage (Xenus Plus, Copley Controls) provided 1μm-resolved displacements 
along three orthogonal axes and was used to bring the water-filled capillary tube in 
contact with the foil surface to form the liquid bridge. Retraction of the gripper was 
controlled through a stepper motor, with a resolution of 1 µm without hysteresis and 
velocity range of 1≤ V ≤ 20 × 103 µm/s. Upon retraction of the gripper, the evolution 
of the capillary bridge geometry as a function of the gap was monitored through a 
synchronized side view camera (Stingray, Allied Vision Tech.) with resolution of 5μm 
per pixel. All quantities entering into Eq. 6.2 and 6.3, such as θ1, R1, r1 and r2 were esti-
mated by image post-processing. Low contrast of acquired images led to small system-
atic errors (Figure 6.7).  
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“I was born not knowing and have had only a little time to change that here and there”  

Richard P. Feynman  
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7.1     Conclusions 

In this thesis capillary self-alignment has been demonstrated as passive complement to 
robotic microhandling for heterogeneous system integration of foil-based millimetric 
and centimetric functional components. In such applications a conned liquid meniscus 
pushes a floating component into alignment with a receptor site. A number of physical 
and geometrical parameters bear influence on the yield, throughput and accuracy of 
the process ‒ notably the geometry of the components, the physical properties of the 
liquid (surface tension, volume, density and viscosity), the height and curvature of the 
meniscus, the initial offsets, the type of meniscus confinement, the wettability of the 
bounding surfaces and the presence of wetting defects. As the assembly performance 
largely depends on the set of different system parameters, understanding of the dy-
namics of the process and optimization of the relevant system parameters is essential. 
Previously number of models and experimental investigations have addressed the dy-
namics of capillary self-alignment, nonetheless, a comprehensive descriptive frame-
work was still missing. The majority of works in literature focuses on consideration of 
energetic balances without consistent support of experimental data. 

The objective of this thesis was to investigate and optimize capillary self-alignment 
process for the efficient, low-cost and large-scale integration of millimetric and centi-
metric functional systems-in-foil applications. To undergo successful self-alignment, 
dies need to be coarsely pre-aligned with respect to the corresponding binding site. 
Sufficient overlap of the die with the corresponding liquid droplet is needed. In case of 
micron-sized dies, the overlap area is in the orders of microns and the task requires 
high-precision equipment. In case of mm- and cm-sized foil dies considered in this 
thesis the overlap can be substantially larger. Thus, the task can be achieved without 
any high-precision placement system and with higher throughput. The dies were han-
dled and pre-aligned by means of a homebuilt micropositioning stage equipped with 
integrated vacuum tweezers providing 10 μm-resolved displacements along three axes.  

The feasibility of self-assembly of mesoscale foil dies onto Au-coated silicon wafers 
with patterned through photolithography and wet etching SiO2 hydrophilic receptor 
sites has been demonstrated and optimized. The native Au surfaces were selectively 
functionalized by thiolated self-assembled monolayer to make them hydrophobic. 
Chemical structuring of carrier substrates allowed for reproducible and stable surface 
conditions in the experiments. The role played by the assembly liquid, by the size and 
the weight of assembling dies and by their initial offsets in the self-alignment perfor-
mance was investigated and optimized. It was shown that there is a definite range of 
initial offsets (roughly 5 to 30 % of the side length) allowing dies to align with high 
reliability, and that deliberate release of dies from relatively-large offsets helps achiev-
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ing accurate final registration with accuracy down to 30 µm and smaller, which reflects 
a high precision relative to their lateral dimensions.  

To further extent the link between assembly performance and system parameters, a 
thorough analysis of the dynamics of the self-alignment process has been performed.  
The complete self-alignment process of mesoscale foil components takes place within 
approximately 100 ms, thus requiring high-speed camera processing of the alignment 
dynamics. In these studies the alignment dynamics was tracked by a high-speed cam-
era operated at 1000 fps combined with a microscope stage and analyzed through im-
age recognition software. The transparency of the foil dies allowed concurrent tracking 
the dynamics of both the die itself along with the evolution of water triple contact line. 
Notably, the transparency of foil dies may additionally improve the automation and 
control of repeatability of die pre-alignment, as compared to the case of opaque dies.  

It was established that, upon release of the foil dies from uniaxial non-equilibrium 
positions at large offset above matching binding, the ensuing dynamics unfolds into 
three distinct dynamic regimes. The obtained experimental data question some basic 
assumptions of common models of the process, mainly the full wetting of the die sur-
face by the fluid meniscus upon initial contact. The wettability and the inertia of the 
dies were also shown to impact the alignment dynamics.  

Using innovative design of metrology markers laser-scribed on transparent foil dies 
the complete in-plane dynamics of capillary self-alignment for millimeter-sized square 
components was analyzed. Shift and twist modes were synchronously analyzed with 
high resolution in their individual and simultaneous dynamics through selective excita-
tion by preset initial offsets. The study confirmed earlier findings on uniaxial shift 
concerning the sequential dynamic regimes and their sensitivity to the surface energy 
of the floating component. The dynamics of the twist mode was shown to follow a 
sequence of regimes analogous to the shift modes. Coupling between the dynamics of 
the modes was reported in presence of twist, and was observed to be affected by 
changes in surface energies.  

Unlike microelectronic silicon chips, foil-based components can be patterned and 
diced by programmable, fully dry and non-lithographic laser ablation without addition-
al surface chemical functionalization. Thus, using the same laser source to pattern as 
well as to compartmentalize both donor and acceptor foils in a single process step, a 
novel foil-to-foil integration technology has been developed as complement to foil-to-
wafer capillary self-alignment demonstrated on silicon wafers patterned through rela-
tively costly photolithography processes. The process exploits laser-based topological 
surface structuring to achieve both accurate foil die capillary self-alignment and electri-
cal interconnection of the foil die to base foil carriers through conductive adhesives.   
Notably, the use of the same laser system for patterning and dicing both carrier sub-
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strates and foil dies clears instrumental tolerances (estimated to be 30 μm) and facili-
tates self-alignment with at least twice as goo alignment accuracy (15 μm). Electro-
mechanical full foil-to-foil system assembly was demonstrated through the integration 
of functional capacitive humidity sensors onto patterned circuitry foils.  

Most conventional mechanical grippers are in direct contact with the handled compo-
nents during pick up, hold and release operations, and the substantial force they exert 
may damage delicate components. Therefore, the developed technology was extended 
to enable handling and further assembly of delicate components through capillary grip-
pers. Besides the advantage of the handling of delicate components and simpler as-
sembly process based on competitive liquid bridges, it has been demonstrated that this 
novel approach enables the system integration by capillary self-alignment of foil dies 
onto moving substrates and is therefore compatible with an automatic assembly line.  

7.2     Outlook 

Although being object of intense analytic and numerical modeling since decades, the 
dynamics of capillary self-alignment is still far from fully comprehended. The majority 
of works in literature has focused on considering energetic balances, developing a geo-
metric quasi-static approach which captures only partially the intrinsically dynamic 
nature of the process. The unsatisfactory match between calculated and measured 
force data served as evidence for the limitations of quasi-static analytical models of 
dynamics. The study presented in this thesis provided experimental ground for the 
development of a comprehensive, numerical dynamic model – accounting for wetting, 
triple contact line dynamics and contact angle hysteresis in addition to meniscus geom-
etry and capillary action. 

The methodology and technological achievements presented in this thesis offer a 
framework for succeeding experimental studies as well. Though the dimensions of the 
dies were chosen mainly to meet the application requirements in mind, foil-to-foil inte-
gration developed could effortlessly be extrapolated to components of smaller geome-
tries, characterized by a similar Bond number (Bo = ρgh2/γ ≈ 0.02). Moreover, the pre-
sented capillary grasping and release techniques are expected to be particularly useful 
and applicable also for the assembly of much smaller components. Upon size decrease, 
the weight of the components (scaling with the inverse of the size cubed) will play an 
ever more marginal role in both pick-up and release operations as compared to the 
capillary forces (scaling with the inverse of size) exerted by the liquid bridges.  

Finally, the patented dynamic shear release strategy, demonstrated on laboratory scale 
to be compatible with an automatic roll-to-roll assembly line, requires pilot scale vali-
dation. This involves further optimization of the laser processing used foil surface 
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patterning as well as prototyping and integration of the capillary grippers into industri-
al assembly lines.       
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Summary   

 For the past few decades, high-precision robotic pick-and-place has been established 
as the technique of choice for system integration in electronic manufacturing thanks to 
its unmatched programmable dexterity in handling components of arbitrary shape. 
However, pick-and-place is inherently serial and currently faces an accuracy versus 
throughput trade-off in the assembly of (sub-)millimetric components. This has moti-
vated the development of a vast class of alternative or complementary techniques for 
heterogeneous system integration. The objective of this thesis is to develop a novel 
technology based on capillary self-alignment that enables the efficient, low-cost and 
large-scale integration of functional systems-in-foil applications. 

Firstly, it is demonstrated how mm- to cm-sized square-shaped foil dies can be self-
aligned on a patterned silicon carrier by the capillary forces of a water meniscus with 
an accuracy down to 30 μm, which reflects a high precision relative to their lateral 
dimensions. The achieved alignment accuracies, limited by the laser dicing precision, 
are not intended to be competitive with state-of-the-art self-alignment  performances. 
Nonetheless, the demonstrated precision is very suitable for the envisioned low-cost 
and time-effective foil-to-foil integration via standardized flex flat cable interconnec-
tions with pitches typically varying from a half to a few millimeters.  The role played 
by the assembly liquid, by the size, the weight and the surface tension of assembling 
dies and by their initial offsets in the self-alignment  performance is investigated. 
These system parameters are optimized to consistently achieve accurate registration of 
the dies upon self-alignment  and are further used throughout the study. 

The experimental setup equipped with a high-speed camera enables tracking of the full 
alignment dynamics of capillary self-alignment of optically transparent foil dies. The 
specially designed markers and image recognition software allow for automatic analysis 
of large amount of recorded data. It is established that, upon release of the foil dies  
pre-aligned above matching binding sites, the ensuing dynamics unfolds into three 
distinct dynamic regimes. During transient wetting, the foil remains at rest while the 
underlying meniscus deforms to wet as much as possible (eventually all) of the foil’s 
bottom surface. Once formed, the meniscus starts pulling the die and does not change 
its profile till the die has reached the vicinity of its target position. In this regime the 
die moves with a constant acceleration describing a parabolic trajectory. Lastly, when 



 

the die is close to the target position dissipative viscous forces become comparable 
with driving capillary forces and the die undergoes damped harmonic oscillations. 
Coupling between rotational and translational motion is experimentally investigated 
and benchmarked through quasi-static simulations performed by Surface Evolver. The 
obtained experimental data question some basic   assumptions of common models of 
the process, in particular the full wetting of the die  surface by the fluid meniscus upon 
initial contact. 

A typical procedure for the integration of functional components onto target carrier 
substrates not only requires accurate registration of the components onto pre-
processed binding sites, but also establishment of electrical interconnections between 
the components and electrodes embedded in the sites. Thus, supported with opti-
mized system parameters and in-depth knowledge of dynamics of capillary self-
alignment, a novel technology that enables the high-precision mechanical and electrical 
integration of mesoscopic functional foil components onto foil substrates is intro-
duced. The foil-to-foil assembly process is based on topological surface structuring via 
laser patterning. It achieves  face-down capillary self-alignment of centimetric foil dies 
over matching target positions as accurately as 15 μm and concurrent realization of 
high-yield electrical interconnections with base foil carriers through conductive adhe-
sives. The use of the same laser system for patterning and dicing of both carrier sub-
strates and foil dies clears instrumental tolerances (estimated to be 30 μm) and facili-
tates self-alignment with a higher alignment accuracy. The demonstrated accuracies 
enable, for instance, the integration of mesoscopic foil interposers embedding dense 
arrays of miniaturized components, such as bare Si chips and bare die LEDs. Full foil-
to-foil system integration was demonstrated through the electrically functional assem-
bly of an array of Au-sputtered capacitive sensors onto a patterned base foil circuitry. 

Most conventional mechanical grippers are in direct contact with the handled compo-
nents during pick up, hold and release operations, and the substantial force they exert 
may damage delicate components. Therefore, the developed technology is extended to 
enable handling and further assembly of delicate components through capillary grip-
pers. The gripper is composed of cylindrical tubes with both ends open, water-filled 
and attached to a programmable and remotely-controllable stage.  An analytical model 
describing the physics of the lifting force exerted by the gripper is presented and 
benchmarked against experimental data. Besides the advantage of the handling of deli-
cate components, the use of the open-ended capillary gripper allows for a simpler as-
sembly process based on competitive liquid bridges while significantly improving its 
throughput. Moreover, it is demonstrated that this novel approach enables the system 
integration by capillary self-alignment of foil dies onto moving substrates and is   
therefore compatible with an automatic assembly line.  

Summary 



 Page  |  115 

 

Samenvatting   

Dankzij zijn ongeëvenaard flexibele programeerbaarheid in de verwerking van compo-
nenten van willekeurige vorm heeft hoge precisie robotische pick-and-place zich in de 
afgelopen decennia gevestigd als voorkeurstechniek voor systeemintegratie in el-
ektronische fabricage. Pick-and-place is evenwel een inherent seriële techniek, waarbij 
in de huidige situatie een afweging moet worden gemaakt tussen doorvoersnelheid 
enerzijds en precisie in de assemblage van (sub)millimeter componenten anderzijds. 
Dit heeft geleid tot de ontwikkeling van een breed scala aan alternatieve en comple-
mentaire technieken voor heterogene systeemintegratie. Het doel van deze thesis is het 
ontwikkelen van een nieuwe technologie voor functionele systemen-in-folie toe-
passingen, gebaseerd op capillaire self-alignment (zelfrichting), die (kosten) efficiënte 
toepassing op grote schaal mogelijk maakt. 

Ten eerste wordt aangetoond dat folie pallets met een grootte van enkele vierkante 
millimeters tot centimeters self aligned kunnen worden met een precisie tot 30 µm op 
een gepatroneerd substraat door gebruik te maken van de capillaire krachten van de 
meniscus van water. Dit duidt op een hoge precisie afgezet tegen de afmetingen van 
het materiaal. De bereikte richtingsnauwkeurigheden worden beperkt door de precisie 
van de laserbewerking, en zijn niet bedoeld om te concurreren met de huidig mo-
gelijke self-alignment prestaties. De aangetoonde nauwkeurigheid blijkt zeer geschikt 
voor toekomstige kosten efficiënte en tijds-efficiënte foil-to-foil integratie via 
standaard flex flat kabel verbindingen met folie pallets variërend van een halve tot een 
paar millimeter. Het onderzoek heeft zowel de rol van de vloeistof, de afmetingen, het 
gewicht en de oppervlaktespanning van de pallets onderzocht, als ook de invloed van 
de beginpositie op de prestaties van de self-alignment. De systeemparameters zijn ge-
optimaliseerd  om een nauwkeurige en consequente plaatsing van de pallets te bereik-
en voor self-alignment, en zijn verder gebruikt in het onderzoek. 

Een high-speed camera is gebruikt voor het in beeld brengen van de dynamica van de 
zelfrichting door capillaire self-alignment van optisch transparante folies. Speciaal 
ontworpen markers zorgen in combinatie met beeldherkenningssoftware voor autom-
atische analyse van grote hoeveelheden opgenomen videobeelden. Hiermee kan 
worden vastgesteld, dat er drie bewegingen plaatsvinden nadat de folie pallet wordt 
losgelaten boven de desbetreffende doelpositie. 
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Na het neerkomen blijft de folie op de plaats, terwijl de onderliggende meniscus zich 
vormt en een zo groot mogelijk deel van de onderkant van het folie bevochtigt. Een-
maal gevormd, verschuift de meniscus de folie, totdat deze in de buurt van de doel-
positie komt. Hierbij beweegt de folie met een constante versnelling. Op het moment 
dat de folie in de buurt komt van de doelpositie, worden afremmende viskeuze 
krachten vergelijkbaar met de aandrijvende capillaire krachten, waardoor de folie 
gedempte harmonische oscillaties ondergaat. De koppeling tussen de rotationele en 
translationele beweging is experimenteel onderzocht en vergeleken met quasi-statische 
simulaties, verkregen met Surface Evolver. De verkregen experimentele data brengen 
sommige basisaannames van algemene modellen van het proces in twijfel, met name 
de volledige bevochtiging van het folieoppervlak door de vloeistofmeniscus bij het 
eerste contact. 

Een standaardprocedure voor de integratie van functionele componenten op carrier 
substraten vereist niet alleen nauwkeurige positionering van de componenten op de 
voorbewerkte doelposities, maar ook het maken van elektrische verbindingen tussen 
de componenten en elektrodes die zijn ingebouwd op die doelposities. Uitgaande van 
de geoptimaliseerde systeemparameters en de opgedane kennis van de dynamica van 
capillaire self-alignment, wordt een nieuwe methode  geïntroduceerd die nauwkeurige 
mechanische en elektrische integratie van functionele foliegebaseerde componenten op 
folie substraten mogelijk maakt. Dit foil-to-foil assemblageproces is gebaseerd op 
plaatselijke oppervlaktestucturering door laserpatroneren. Hiermee wordt een 
plaatsingsnauwkeurigheid van 15 µm gehaald bij self-alignment van folies met een af-
meting van ongeveer een centimeter grootte op de corresponderende doelposities. Met 
het gebruik van elektrisch geleidende lijmen wordt een zo efficiënt mogelijke verbind-
ing tot stand gebracht. Door gebruik te maken van hetzelfde systeem voor het patron-
eren van zowel de folie pallets als het voorbewerkte substraat kunnen de toleranties 
(geschat op 30µm) worden geminimaliseerd. Dit zorgt voor een self-alignment met een 
grotere nauwkeurigheid. Hierdoor wordt het bijvoorbeeld mogelijk om relatief grote 
folie pallets te integreren in dicht opeen geplaatste miniatuur componenten, zoals Silic-
ium chips en bare die LED’s. Volledige foil-to-foil assemblage kon worden aange-
toond door een elektrisch functionerend array te maken van capacitieve sensoren op 
een gepatroneerd folie. 

Bij de gangbare robotische pick-and-place systemen is er direct mechanisch contact 
met de componenten bij het oppakken, vasthouden en loslaten. De kracht die op die 
manier wordt uitgeoefend kan kwetsbare componenten beschadigen. Om dit te 
voorkomen wordt de ontwikkelde technologie uitgebreid met een capillair grijpertje 
voor het vasthouden en plaatsen van zulke componenten. Dergelijke capillaire 
grijpertjes bestaan uit cilindrische buisjes, aan beide kanten open, en gevuld met water. 
Zij worden bewogen door een op afstand bestuurbare en programmeerbare robotarm. 

Samenvatting 
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Een analysisch model van de fysica van het optillen van de componenten met een 
capillair grijpertje wordt beschreven en vergeleken met experimentele data. Naast de 
voordelen bij het plaatsen van kwetsbare componenten, biedt het gebruik van capil-
laire grijpertjes ruimte voor een eenvoudiger assemblageproces en kan de doorvoer-
snelheid significant worden verbeterd. Tevens wordt aangetoond dat deze nieuwe 
methode plaatsing mogelijk maakt van folie pallets op bewegende substraten, waar-
door het geschikt is voor integratie op een automatische assemblage lijn. 

Samenvatting 
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