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Abstract

Self-assembly of components using liquid surface tension is an attractive alternative to
traditional robotic pick-and-place as it offers high assembly accuracy for coarse initial part
placement. One of the key requirements of this method is the containment of the liquid within a
designated binding site. This paper looks to expand the applications of self-assembly and
investigates the use of topographical structures applied to 3D printed micro components for self-
assembly using liquid surface tension. An analysis of the effect of edge geometry on liquid
contact angle was conducted. A range of binding sites were produced with varying edge
geometries, 45-135°, and for a variety of site shapes and sizes, 0.4 - 1. mm in diameter, and 0.5 x
0.5—-1x 1 mmsquare. Liquid water droplets were applied to the structures and contact angles
measured. Significant increases in contact angle were observed, up to 158°, compared to 70° for
droplets on planar surfaces, demonstrating the ability of these binding sites to successfully pin
the triple contact line at the boundary. Three challenging self-assembly cases were examined,

1) linear initial component misplacement >0.5 mm, 2) angular misplacement of components, 3)
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misplacement of droplet. Across all three assembly cases the lowest misalignments in final
component position, as well as highest repeatability, were observed for structures with actual
edge geometries <90° (excluding 45° nominal), where the mean magnitude of misalignment

was found to be 31 um with 14 um standard deviation.
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1. Introduction

Industrially manufactured products are typically assemblies made up of many separate and often
dissimilar components. The assembly techniques required to realise these finished items are
therefore of key importance to product generation. The micro component industry is rapidly
growing and the continual trend of component miniaturisation has led to its own set of
challenges that are not present in the macro domain. Simple pick-and-place operations become
complex issues due to scaling effects, as parts become smaller gravity is no longer the dominant
force. This is because surface forces scale with length, whereas gravity scales with length
cubed [1]. This results in release problems due to adhesion forces between components and
micro handling tools. Surface-related forces such as Van der Waals, electrostatic and surface
tension dominate over gravitational force, which have led to novel handling strategies becoming
the focus of much work. This includes the development of micro grippers [2-4], vacuum

grippers [5], freeze grippers [6], as well as those based on electrostatic forces [7, 8].

An additional challenge for micro assembly in an industrial environment is that the process
must be both fast and precise. Current methods make use of robotics to manipulate and place
components; however these solutions either build assemblies with sub-micron accuracy at low
speeds, or at high assembly speeds but with low accuracy [9]. There is also a cost trade-off to be

made with faster more accurate systems being significantly more expensive. To lessen the



challenge of micro assembly an interesting concept is that of component self-assembly. Liquid
self-assembly of components is an attractive alternative to traditional robotic pick-and-place
techniques as it can offer very high final positional accuracy with fairly coarse initial placement.
This means lower cost, faster pick-and-place systems, or the replacement of robotic pick and
place with manual pick-and-place; leading to the advantages of either increased system
flexibility, or reduced cost and higher throughput. The underlying concept behind liquid self-
assembly is that features produced on the components can control droplet shape, and therefore
surface tension, in such a way that the lowest energy state for the liquid is achieved when the
components are well aligned. This principle is illustrated in Figure 1 which shows the droplet in
place prior to assembly (a); followed by the drop wetting to both the static surface and the part
(b). At this stage the non-symmetrical nature of the liquid surface results in surface tension
forces that tend to move the part to a state of lowest surface energy; once the lowest surface

energy state has been reached all surface tension forces are balanced (c).

a) l b) c)
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Figure 1: Self-alignment of component using liquid surface tension. a) Liquid droplet dispensed onto

binding site and component moved into place, b) component comes into contact with liquid droplet and
meniscus is formed, c) restoring forces act on component and it aligns to shape of binding site due to

energy minimisation.

The controlled spreading of the assembly liquid is a key factor in this process, and much work
has been carried out into this area. Several approaches have been developed in order to alter the
wetting properties of specific regions of a surface. These include (super)hydrophilic and
(super)hydrophobic target sites [10-15], (super)oleophilic and (super)oleophobic for oil-based

liquids [16-18], micropillar arrays to create hydrophobic regions [19, 20], as well as most



recently, receptor sites with sharp edges to inhibit liquid spreading [21-24]. These methods can
be divided into two distinct areas; those which rely on altering the surface properties of specific
regions to influence wetting behaviour, and those that utilise physical geometric structures to
constrain liquid spreading. Until now the majority of the literature in this field focuses on
applications involving the use of microchips assembled on silicon wafers [25-28], with
modifications to surface properties being introduced through a post-build process of coating,
masking and etching. Typically this is achieved by thermally growing a silicon oxide layer on
the wafer before a standard photolithography and reactive-ion etching (RIE) process is carried
out to pattern the oxide layer [14, 21, 29] resulting in a hydrophilic surface. Other techniques
[26, 27] also used black silicon coated with a fluoropolymer to realise a hydrophobic

background material surrounding the binding sites.

As previously mentioned, one of the requirements of the self-assembly process is the
confinement of the assembly liquid to a specified binding site. The ability to control liquid
spreading through the use of sharp edges pinning the triple contact line (TCL) has been known
for some time. The TCL is the equilibrium boundary where the solid-liquid-gas phases meet,

with the shape of the liquid-gas interface determined by Young’s equation:

0 =V¥s¢ — Vs — VLcCc0sO, 1)

Where, vsc is the solid-gas interfacial energy, y.sis the liquid-solid interfacial energy, v, the
liquid-gas interfacial energy, and the equilibrium contact angle 6. from the surface, as illustrated

in Figure 2.
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Figure 2: Diagram illustrating the quantities used in Young's equation (1).
Structures that control liquid spreading through halting the movement of the TCL at a defined
edge are based on the mathematical inequality presented by Gibbs [30]:

0, < 6 <(180°— a) + 6, )

Where, 0 is the contact angle of the droplet, 6, is the Young’s contact angle, and a. is the angle

of the sharp edge, see Figure 3.

Figure 3: Spreading of a liquid droplet meeting a sharp edge as described by the Gibbs inequality,

equation (2).

Overflow of the liquid assembly medium beyond the defined edge of the structure is
catastrophic to self-assembly processes. Once the liquid is able to travel beyond the defined
edge, the part to be assembled will be drawn along with the liquid, and out of alignment. It is
therefore of critical importance to maximise the contact angle of the liquid when it is pinned at

the boundary if robust self-assembly procedures are to be realised.



To extend the possible application of self-assembly to new areas this work will consider the
relevance of the technique to additive manufacturing (AM) processes. The additive
manufacturing industry offers many exciting possibilities for the rapid, flexible and cost-
effective production of next generation products across a wide range of industrial sectors. The
technology is typically used for modelling, prototyping, short-run production, and bespoke
items, however as the process improves its use for final component manufacture is being seen.
Examples of this can be seen in medical and dental implants, as well as technical applications
such as the aerospace industry [31, 32]. Compared to traditional subtractive manufacturing
methods AM offers much greater design flexibility with the realisation of intricate structures

that cannot be manufactured using other methods, such as complex internal channels.

To our knowledge no work has been carried out to date on this manufacturing method for use in
self-assembly applications using liquid surface tension. This work considers components in the
0.4 to 2 mm range, larger than typical micro assembly parts, as these are most immediately
applicable to 3-dimensional assemblies whose major dimensions are in the z-axis. This includes
assemblies such as micro-optical benches (MOB) [33, 34] and tactile probes for micro
coordinate measuring machines (CMM) [35, 36]. This work builds on the current literature by
presenting a detailed experimental analysis on the use of 3D printed topographical features for
self-assembly using liquid surface tension. An analysis of the effect of the structure’s edge
geometry on the contact angle of the constrained liquid is presented for a range of different
binding sites. Self-assembly of 3D printed components onto matching binding sites using liquid

surface tension was investigated experimentally for three different alignment cases.

2. Liquid binding site optimisation
2.1. Methodology
The overall aim of this work was to examine the use of self-assembly using liquid surface

tension to aid the assembly of 3D printed polymer components. This was assessed in two ways:

The ability of topographical structures to prevent liquid spreading by measuring contact angles



of liquid droplets and the assembly of polymer components onto matching binding sites under
three challenging assembly cases. The ability of topographical structures to control the
spreading of liquid droplets by pinning the TCL was investigated by examining a range of
simple structures. Circular binding sites from @0.4 — 1 mm and square binding sites 0.5 x 0.5
mm and 1 x 1 mm were manufactured with varying edge geometries. Edge geometries from 45
- 135°, in 15° increments were examined. Liquid water droplets were applied to the structures
up to the point of collapse and their contact angles measured. Three different self-assembly
cases were examined for 2 x 2 x 0.5 mm rectangular prism components assembled onto

matching binding sites, with edge geometries from 45 - 135° in 15° increments.

Full details of the fabrication process used to create the test structures, as well as the

experimental details are presented in the subsequent sections.
2.2. Fabrication

Components were manufactured using projection-micro-stereolithography (PMSL), a solid free-
form fabrication technique based on controlled solidification of a liquid, light-sensitive resin
when exposed to a light source (photopolymerisation). Using an LCD or Digital Micromirror
Device (DMD) the polymer is successively exposed and solidified in 25 pm layers to construct
3D geometries according to data from an STL file. An EnvisionTec Perfactory Mini-Multi lens
projection stereolithography machine using EnvisionTec R11 rapid prototyping material was
used. This resin was chosen due to its well established curing behaviour in the build process.
Projector brightness was calibrated to 600 mW/dm? with exposure time of 4.0 seconds/layer
(standard range), at a layer height of 25 um. Resolution was set to 1050 x 1400 pixels

equivalent to a pixel size of 5 um in X.Y-direction.
2.3 Test geometries

Structures were designed to examine the effect of edge geometry on the ability to pin the TCL
of a spreading liquid droplet. Since droplets have a spherical shape when in their lowest energy

state circular binding sites were selected. This was also due to their axial-symmetry and ease of
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manufacture. Components containing test arrays of @30.4, 0.5, 0.6, 0.75 and 1 mm circular
binding sites were manufactured in the aforementioned method (see Figure 4). Test arrays
containing square binding sites of 0.5 x 0.5 mm and 1 x 1 mm were manufactured using the
same method. Each feature was located in a 0.1 mm deep hole, while being 0.1 mm tall,
resulting in the binding site surface being flush with the surface of the bulk material of the test
array. Due to the absorption of light, the minimum achievable layer thickness was 25 um. For
practical applications it is desirable for the binding site to have a shallow profile. A binding site
height of 100 um was considered suitable for producing the range of edge geometries while
limiting layer numbers and therefore reducing the likelihood of production defects occurring.
This corresponded to a binding site height of 4 build layers. The diameter of the “trench”
surrounding each structure was @1.5 mm for circular binding sites, and 2 x 2 mm for square
binding sites. This design was chosen in order to protect the edge of the binding sites from
damage during the handling and cleaning process and to give sufficient clearance between the
structures and surrounding bulk material to prevent any interaction when applying the liquid. A

cross-sectional example of the binding site geometry used for this work can be seen in Figure 5.
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Figure 4: a) Rendered image of test component with array of @0.5 mm circular binding sites, b)
Rendered image of a single binding site with 45°nominal edge geometry, c) SEM image of @0.6 mm

circular binding site with 60° nominal edge geometry.
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Figure 5: Cross-sectional diagram of binding site geometry for @0.5 mm circular binding site.

The structures’ sharp edges were altered to investigate acute (undercut) angles, and obtuse
(chamfer) angles, as seen below in Figure 6. Edge geometries of 45-135° were manufactured
for all above mentioned structures in 15° increments. Additional angles of 85 and 95° were

manufactured for @0.5 and 1 mm circular binding sites as the area around 90° was believed to



be a key angle of interest. All binding sites were inspected after manufacture under an optical

microscope before carrying out further experiments.
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Figure 6: Nominal edge geometries of topographical structures. Blue region indicates liquid droplet

placed on top surface of the structure.
2.4. Experimental setup

Experiments were conducted in an air-conditioned laboratory environment at 20° Celsius. All
components were manufactured in a temperature controlled lab at 21° Celsius. Before testing
parts were cleaned in an ultrasonic isopropanol alcohol bath for 3 minutes, followed by a second
isopropanol solution for a further 3 minutes, and allowed to dry in air. Components were
mounted on an X-Y precision stage and viewed under an optical microscope with a JVC TK-
C1381 CCD mounted camera. Data were captured using a Hauppage Win-TV-HVR-1900
interface with post process image analysis conducted using the ImageJ software package.
Contact angles were analysed using the public domain Low bond axisymmetric drop shape
analysis (LB-ADSA) plugin, developed by A. Stalder [37]. Liquid water droplets were applied
to the target sites using a digital timed precision fluid dispenser TS-250 from Adhesive
Dispensing Ltd. A 3cc syringe barrel was used in conjunction with a 34 gauge blunt end
dispending tip. The liquid used for the experiments was water with surface tension, y=72.9 mN
m™. Droplets were dispensed onto the centre of the binding sites incrementally to increase the
volume of the droplet. After each application the droplet was allowed to stabilise and reach
equilibrium before proceeding with further applications. Droplets were applied up to the point
of collapse when the liquid escaped the binding site and was no longer constrained. The liquid

was then removed from the surface using a dry compressed inert gas. Each binding site was
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manufactured twice, and the experiment was conducted 5 times for each site, resulting in 10

data points (N=10).

Self-assembly tasks were performed by applying a single liquid water droplet to the binding
site. Components were manipulated by hand using tweezers and brought into contact with the
liquid droplet before release. Components were allowed to reach their equilibrium position
which was then analysed post-experiment by measuring the difference between component and

binding site centres using ImageJ software.

Scanning Electron Microscope images were captured using a Hitachi S-2600N SEM operating

in low vacuum mode at 30kV acceleration voltage.

3. Constraint of liquid spreading using topographical structures

A flat plain substrate was manufactured using the fabrication method described in 2.2. Water
was dispensed onto the plain substrate and the natural contact angle of water was measured to
be 70°. Water was then applied to the test structures in turn using the equipment and method
outlined in 2.4. Optical microscope images illustrating the difference between the natural
contact angle on the plain substrate and an isometric view for an undercut binding site can be
seen in Figure 7, illustrating the dramatic effect that is made possible with the undercut binding

sites.
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Figure 7: Optical microscope images of water droplets; a) unconstrained droplet on plain substrate, b)

isometric view of droplet constrained to @1 mm circular binding site with 60° nominal edge geometry.

The results collected for the maximum contact angle before droplet collapse are shown in Figure
8, plotted against nominal edge geometry. Each data point represents an average of 10
measurements. From these data it can be seen that higher contact angles were achieved for the
@0.5 mm binding site compared to the @1 mm site. There are a number of reasons that could
explain this result: firstly by doubling the diameter of the binding site the surface area is
increased by a factor of 4. This would mean that a significantly greater volume of liquid is
being applied to the binding site. When the droplet is small enough gravitational effects will be
negligible but as the diameter approaches a certain length, known as the capillary length
(equation (3)), they will start to play a role once again. For water at atmospheric pressure and
20° Celsius: y = 72.9 mN m™, p = 998.21 kg m*, g = 9.81 ms, giving a capillary length of 2.7

mm.

Y
Ae = |— 3
<= |og @)

Where, g is acceleration due to gravity, p is fluid density and vy is surface tension. The average
measurement of the droplet diameter for the binding site achieving the highest contact angle on
the @0.5 mm binding site was 1.32 mm, whereas for the @1 mm site an average diameter of
2.12 mm was measured. This shows that for the larger diameter binding site the droplet
diameter had started to approach the capillary length, leading to gravitational effects acting on

12



the droplet with proportionally greater effect. It is therefore proposed that this could have the

effect of making the droplet unstable, causing it to collapse at lower contact angles.
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Figure 8: Contact angle of water droplets on circular binding sites for full range of nominal edge

geometries. Error bars display standard deviation.

Other factors that could influence a lower contact angle are also any defects that occur at the
edge of the geometry. As the diameter of the structure increases, so too does its perimeter, and
with a greater perimeter length the likelihood of manufacturing defects along the length of this
critical feature increases. Preventing liquid spreading with a topographical edge relies on the
integrity of the structure. Once the droplet begins to slide down the vertical face of the structure
failure is uncontrollable and catastrophic, leading to droplet collapse and spreading outside of
the designated binding site. Contact angles can be seen to decrease rapidly for @0.5 mm
binding sites once the edge geometry becomes larger than 75°. It should be noted that no data
was plotted for 105 -135° for @0.5 mm, and also 135° for @1 mm. This was due to the fact that
as the angle increased above 105° the binding sites were not able to support the liquid droplets
with good stability. As a result the droplet would slide down the vertical face almost

immediately, becoming pinned once the bottom of the slope had been reached. Although the
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droplet did not immediately collapse, the fact that it was no longer constrained to the binding
site was deemed unacceptable as this would cause systematic misalignment. Based on the
initial findings, only edge geometries from 45-90° were examined for the remainder of the
binding site diameters. Data presented in Figure 9 show fairly close grouping as there is only a
difference in contact angle of 9° across all binding sites. Points of interest from this graph are
the low contact angle measured for @0.6 mm x 45°, and the missing data point for @0.4 mm X

45°,
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Figure 9: Contact angle of water droplets on circular binding sites for different nominal edge geometries.

Error bars display standard deviation.

Subsequent SEM analysis of these binding sites revealed that these particular structures were
either damaged in the manufacturing process or failed to build correctly based on their
geometry. Figure 10 a) and b) show @0.4 mm binding sites, and c) and d) show @0.6 mm
binding sites. Both images a) and c) appear to have a jagged edge which would indicate a brittle
failure caused by mechanical damage to the structures. Image d) appears to be smoother and

would point towards a defect in the build process. The top surface of the structure in image b)
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can be seen to be curling upwards which would suggest a contraction of the resin due to
evaporation. This has led to the development of cracks in the structure which are indicated in
the image by white arrows. It is worth noting that none of these manufactured structures
displayed a 45° edge geometry and would imply that this level of negative incline (1:1) may not
be suitable for the manufacturing method. However, it can be seen from Figure 8 and Figure 9
that for binding sites with a diameter of 0.5 mm or less there is a practical benefit to using edge

geometries below 90°.
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Figure 10: SEM images showing defects present on circular binding sites; a) and b) show @0.4 mm x 45°
edge geometry, c) and d) show 0.6 mm x 45° edge geometry. White arrows indicate cracks in the

structure caused by contraction due to evaporation in the curing process.

Typically for a self-assembly process the binding site shape will match that of the component.
In order to achieve both axial and rotational alignment a square shape will be necessary. 0.5 x
0.5 mmand 1 x 1 mm square binding sites were manufactured and examined using the same

fabrication and testing procedure. From the results presented in Figure 11 it can be seen that the
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resulting contact angles are similar to those seen for the circular sites, showing a shallower
contact angle with increasing site size and steeper contact angle as the angle of the edge
geometry decreases. The 1 x 1 mm binding site has a lower contact angle overall which is
believed to be caused by the previously discussed effects of droplet diameter approaching the
capillary length, and larger structures have more frequent occurrence of edge defects from

manufacturing.
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Figure 11: Contact angle of water droplets on square binding sites for different nominal edge geometries.

Error bars display standard deviation.

Given the results observed for circular, 0.5 x 0.5, and 1 x 1 mm square binding sites, it was clear
that the produced edge geometries may not match the nominal; designed geometries. In order to
better understand how effective the production process was at achieving the nominal edge
geometries square binding sites of 2 x 2 mm surrounded by 3 x 3 mm trenches were designed

for the following experiments so they could be easily cross-sectioned and examined.
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4. Cross-sectional analysis of structures

In order to assess the manufacturing processes ability to realise the desired edge geometries,
square binding sites of 2 x 2 mm surrounded by 3 x 3 mm trenches were manufactured using the
process outlined in section 2.2. Binding site cross sections were examined by optical
microscopy following a series of manual grinding operations on P400 to P4000 SiC paper. The
cross section perpendicularity was ensured by means of a parallel bar. Examples of four
binding sites can be seen below in Figure 12 which shows images of actual edge geometry

angles for the four nominal angles of 60°, 90°, 105°, and 135°.

Figure 12: Optical microscope images of cross-sectioned binding sites. a) 60° nominal, b) 90° nominal,

¢) 105° nominal, and d) 135° nominal.

The average actual edge geometry is presented below in Table 1 against the nominal angle,
along with the standard deviation. From the data it can be seen that the manufacturing process
struggles to recreate the nominal angles faithfully, with angles being greater than desired. This

is more pronounced for angles <90° whereby the average measured angles were all close to

17



~85° regardless of the intended nominal angle. The large standard deviation observed for 45°
nominal shows a high variability in the angles produced and correlates with the inconsistent

results observed in section 3.
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Nominal edge Average actual edge Standard
geometry (degrees) geometry (degrees) deviation

45 83 8.9

60 85 5.2

75 86 2.5

90 99 4.8

105 117 54

120 123 1.4

135 136 1.4

Table 1: Table summarising the average actual edge geometry compared to the nominal value.

5. Self-assembly of components using liquid surface tension

To study the capability of these sites to align parts by liquid surface tension a series of
experiments were conducted where test components were placed onto the wetted sites with a
large initial misalignment. The geometry of the sites was varied, and three distinct initial
conditions were investigated, so that the ability to align both position and orientation could be
considered. Square structures of 2 x 2 mm surrounded by 3 x 3 mm trenches, were
manufactured using the previously defined technique and nominal edge geometries from 45-
135° were examined. The components used in the assembly tasks were rectangular prisms
whose square bases matched those of the top surface of the binding sites, with dimensions 2 x 2
x 0.5 mm. Components were manufactured using the same material and fabrication techniques
as the binding sites, detailed in section 2.2. Components were examined under an optical
microscope and dimensions were within the expected 5% shrinkage inherent to the
manufacturing process. All component dimensions referred to in this paper are nominal. A
single liquid water droplet was applied to the surface of the topographical structure and the
component then placed by hand using tweezers. No special placement devices were used and as
such the test represents a robust analysis of a challenging alignment task. To establish the
variability of the human operator at depositing liquid to the binding sites, a random sample of
10 assembly cases were analysed whereby the average liquid volume was determined to be 128

nl with a standard deviation of 11 nl. The magnitudes of the combined misalignment in both x
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and y axis for droplet placement relative to the centre of the binding site was 216 um with a

standard deviation of 53 um.

The three assembly cases examined in this work are shown below in Figure 13: a) x-offset,
where the component was offset from the target position by 500 um along the x-axis (25% of
the binding site dimension); b) twist-offset, where the component was positioned over the centre
of the binding site, but rotated by 35° about the z-axis; and finally c) droplet-misalignment,
where the liquid droplet was placed in the corner of the binding site and the component released
directly over the droplet. For all cases we were interested in the linear alignment capabilities of
the structures when components were subjected to large initial misalignments. All assembly
cases were carried out across the full range of edge geometries and repeated ten times each

(N=10). This information is summarised below in Table 2.

Once more, a random sample of 10 results was examined for each assembly case to assess the
repeatability of component release position. For case a) the average x-offset was 574 um with a
standard deviation of 29 um. For assembly case b) the average angle of release was 35.3°,
standard deviation 1.3°. Repeatability of case c) was determined by calculating the magnitude
of offset in both x and y axes between the component and binding site centres. This was found

to be 691 um with standard deviation of 90 pum.

a) b) s c)

_________________

Figure 13: Schematic showing the three assembly cases examined in this work. Dotted line represents

release position for component: a) x-offset, b) twist-offset, and c) droplet misalignment.
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Nominal Actual
— Standard
Case Edge geometry (degrees) component component |
deviation
offset offset ==
45 [83], 60 [85], 75 [86], 90 [99],
9 | 105 [117], 120 [123], 135 [136] 500 um 574 um 29 um
45 [83], 60 [85], 75 [86], 90 [99], . . .
)| 105 [117], 120 [123], 135 [136] 35 35.3 13
45 [83], 60 [85], 75 [86], 90 [99],
- 1
9| 105 [117], 120 [123], 135 [136] 691 um 90 um

Table 2: Summary of self-assembly tests carried out. Edge geometry represents actual angle, with

corresponding nominal angle shown in square brackets.

The assembly process was recorded using the aforementioned acquisition techniques. Final
assembly misalignment of the components was analysed using ImageJ software, with an x-y
coordinate recorded for the difference between the component and binding site centres. To
determine the precision of the measurement system, a known component was measured 20

times and the repeatability of the system was determined to be 3 pm.

Coordinate data for case a) x-offset, are displayed in the scatter plot, and the combined
magnitudes of the misalignments in x and y axes in the boxplot in Figure 14 a) and b)
respectively. From the data it can be seen that the magnitude of misalignment is significantly
higher for edge geometries greater than 100°, with the data also being more spread. This
indicates that the assembly process is a lot less reliable than for binding sites which have edge
geometries of 100° or less. Rather than consider the data presented in figure 14 as a whole it is
convenient to consider the binding sites for their capability to achieve particular tolerances of
assembled precision. Two threshold values have been selected, 25 pm and 100 pum of precision,
and the effectiveness of the binding sites were evaluated against these thresholds, results shown

in figure 15.
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Figure 14: Assembly results for x-offset tests: a) scatter plot and b) box plot. Dotted lines indicate
threshold regions of 25and 100 um misalignment in the x-axis. Numbers in square brackets represent the

nominal edge geometries. Asterisks indicate outliers in the data.

For case a) the threshold was applied to the x-axis only, and to both x and y-axes for cases b)
and case ¢). From Figure 15 it can be seen that the greatest capacity for alignment was realised
for structures with an actual edge geometry <100°. The structures with 45° nominal edge
geometries are an exception however, with lower success rates observed at both thresholds
across the three assembly cases. This is believed to be due to the high variability in the actual
manufactured angle which can be seen by the high standard deviation in Table 1. For structures
with actual edge geometries greater than 100° the success rate is much lower and the assembly
procedure becomes less reliable. Even though the success rate is still fairly high in case a),
looking at the box plot in Figure 14 b) it can be seen that the magnitudes of the misalignments
are much higher as well as the standard deviation of data. Sites with actual edge geometries
>100° do however show the capability to provide alignment when considered against the

threshold criteria, see figure 15.
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Figure 15: Bar charts showing component assembly success rates for misalignments less than or equal to
the given threshold in both x and y axis: a) x-offset, b) twist-offset, ¢) droplet misalignment. X-axis

displays the measured edge geometry, with corresponding nominal angle shown in square brackets.

For sites with edge geometries >100° there is significant standard deviation in the final
misalignment. This makes the interpretation of this data very difficult, which is an aspect not
captured by the threshold plots. It was decided to exclude this data from further analysis and
focus on structures with actual edge geometries below 100°, i.e. nominal angles of 45°, 60°, 75°

and 90°, where similar trends might be observed but with less significant standard deviation.

Although this study was primarily interested in linear alignment capabilities, it was observed
that all components aligned within ~2° about the z-axis, even when under extreme rotational
misalignment in case b). The only exception to this was the components that failed to align
altogether, and these were the cases that fell outside the 100 um threshold. The findings
presented in this section are in agreement with the results in section 3 which showed a
significant reduction in contact angle achieved when the edge geometry was increased beyond
90°. Comparison of the initial contact angle measurements and the alignment experiments
would suggest that the liquid contact angle observed for isolated droplets is a useful indicator of

performance in alignment tasks.

Excluding the data outside the 100 um misalignment threshold, an analysis of the spread of
successful assembly cases can be observed. From the data (Figure 15 and Figure 16) it can be

seen that structures with an edge geometry less than 90° (excluding 45° nominal) have the most
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consistent set of results having a combined success rate of 96.7%, and a fairly even spread of
data across the three different assembly cases. For structures having a 45° and 90° nominal
edge geometry the misalignment magnitudes are similar to those for <90°. However the failure
rate is higher meaning the data set is therefore smaller and less reliable. The mean
misalignment for angles >90° in case ¢) is much greater, as is the range of results. Based on the
box plot in Figure 15 c), it can be seen that there were no successful assembly cases at the 25
um threshold for structures with edge geometries >90°. This indicates the poor alignment

capability of the >90° edge geometries when the assembly task becomes more challenging.
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Figure 16: Boxplots of assembly results showing magnitude of component misalignment in both x and y
axis against binding site edge geometry for assembly cases falling within the £100 um threshold: a) x-

offset, b) twist-offset, c) droplet misalignment. Asterisks indicate outliers in the data.

In order to better understand this variation in performance scanning electron microscopy (SEM)
was performed to investigate the binding sites. This revealed that defects had been introduced in
the fabrication of the structures with 45° nominal edge geometries. Figure 17 a) shows the
correctly fabricated structure, however the opposite edge of the same binding site, displayed in
Figure 17 b) shows that the structure has not formed correctly and material has gathered to form

a radius.
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Figure 17: SEM images of 2 x 2 mm assembly structures. a) 45° nominal edge geometry, b) 45° nominal
with incorrectly manufactured edge geometry, c) top-down view of 105° structure, d) 135° structure

clearly showing stepping of individual 25 um layers.

These defects could explain the failed assembly attempts observed for the 45° nominal edge
geometries and is in agreement with the high standard deviation observed with the cross-
sectional analysis in section 4. Figure 17 d) illustrates the defects in the sites produced with
edge geometries >90° The individual 25 um layers can clearly be seen to have produced step
features, and that a smooth incline was not achieved. From the images obtained it would appear
that each layer was effectively only a straight 90° edge offering no benefit going beyond a
complete 90° edge geometry. Experimental observations found that during assembly the liquid
would meet the edge of the binding site and overflow, proceeding to the next edge on the 25 um
layer below, and so on. It was seen that when the liquid had overflown, the component would

align to the geometry of the lower layers. This would explain the consistently high
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misalignments observed, and the large number of cases falling outside of the assembly

thresholds.

This work has shown that even without a well-defined sharp edge, accurate and repeatable
assembly of micro components using liquid surface tension is achievable. Across all three
assembly cases components were assembled onto binding sites with actual edge geometries
<90° (excluding 45° nominal), with an average misalignment magnitude of 31um and 14 um

standard deviation.

6. Conclusions

This work has demonstrated that component alignment relies on careful constraint of droplet
position and shape. Droplet shape on circular binding sites with varying degrees of edge
geometry was investigated and significant increases in contact angle of liquid water droplets
were observed, with contact angles up to 158° achieved compared to 70° on the plain substrate.
This suggests that edge geometry has a dramatic effect on the ability to pinthe TCL. A
decrease in the contact angle was observed for structures where the nominal edge geometry was
greater than 90°, compared to angles achieved for structures with nominal edge geometries less

than 90°, implying that >90° offer significantly less constraint.

Cross-sectional analysis revealed that the manufacturing process failed to produce the nominal
angles, with actual edge geometries closer to 90°. SEM imaging showed a distinct stepping of
the individual layers for structures with actual edge geometries >100° which compromised the
self-alignment process, as the droplet was able to overflow the top layer of the binding site.
Once the droplet had spread beyond the binding site the assembly process was not recoverable,
with the component drawn along with the spreading droplet leading to large misalignments. An
investigation of the effect of individual layers on the ability to pin the TCL is therefore

recommended as the subject for future work.
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Despite the discrepancy between nominal and actual edge geometries all structures displayed a
capacity for alignment at the 100 um threshold for the three assembly cases. Clear benefits
were observed for structures with actual edge geometries <90° (excluding 45° nominal) which
achieved repeatable alignment at the 25 um threshold, with a mean misalignment of 31 um and

14 um standard deviation.

While the work presented in this paper focuses on structures created using PMSL, it is believed
that this technique could be applied to other additive manufacturing processes, as well as
subtractive manufacturing processes such as micro milling, and micro electro discharge

machining.

This work has demonstrated that the self-assembly processes is tolerant of defects on the
binding site, and that without a well-defined sharp edge, accurate and repeatable self-assembly
under challenging assembly conditions is achievable by undercutting the topographical

structure.
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Table captions
Table 1: Table summarising the average actual edge geometry compared to the nominal value.
Table 2: Summary of self-assembly tests carried out. Edge geometry represents actual angle,

with corresponding nominal angle shown in square brackets.
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Figure captions

Figure 1: Self-alignment of component using liquid surface tension. a) Liquid droplet dispensed
onto binding site and component moved into place, b) component comes into contact with liquid
droplet and meniscus is formed, c) restoring forces act on component and it aligns to shape of
binding site due to energy minimisation.

Figure 2: Diagram illustrating the quantities used in Young's equation (1).

Figure 3: Spreading of a liquid droplet meeting a sharp edge as described by the Gibbs
inequality, equation (2).

Figure 4: a) Rendered image of test component with array of @0.5 mm circular binding sites, b)
Rendered image of a single binding site with 45°nominal edge geometry, ¢) SEM image of 0.6
mm circular binding site with 60° nominal edge geometry.

Figure 5: Cross-sectional diagram of binding site geometry for @0.5 mm circular binding site.
Figure 6: Nominal edge geometries of topographical structures. Blue region indicates liquid
droplet placed on top surface of the structure.

Figure 7: Optical microscope images of water droplets; a) unconstrained droplet on plain
substrate, b) isometric view of droplet constrained to @1 mm circular binding site with 60°
nominal edge geometry.

Figure 8: Contact angle of water droplets on circular binding sites for full range of nominal edge
geometries. Error bars display standard deviation.

Figure 9: Contact angle of water droplets on circular binding sites for different nominal edge
geometries. Error bars display standard deviation.

Figure 10: SEM images showing defects present on circular binding sites; a) and b) show &0.4
mm X 45° edge geometry, c) and d) show @0.6 mm x 45° edge geometry. White arrows
indicate cracks in the structure caused by contraction due to evaporation in the curing process.
Figure 11: Contact angle of water droplets on square binding sites for different nominal edge

geometries. Error bars display standard deviation.
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Figure 12: Optical microscope images of cross-sectioned binding sites. a) 60° nominal, b) 90°
nominal, ¢) 105° nominal, and d) 135° nominal.

Figure 13: Schematic showing the three assembly cases examined in this work. Dotted line
represents release position for component: a) x-offset, b) twist-offset, and c) droplet
misalignment.

Figure 14: Assembly results for x-offset tests: a) scatter plot and b) box plot. Dotted lines
indicate threshold regions of 25and 100 um misalignment in the x-axis. Numbers in square
brackets represent the nominal edge geometries. Asterisks indicate outliers in the data.

Figure 15: Bar charts showing component assembly success rates for misalignments less than or
equal to the given threshold in both x and y axis: a) x-offset, b) twist-offset, ¢) droplet
misalignment. X-axis displays the measured edge geometry, with corresponding nominal angle
shown in square brackets.

Figure 16: Boxplots of assembly results showing magnitude of component misalignment in both
x and y axis against binding site edge geometry for assembly cases falling within the £100 pm
threshold: a) x-offset, b) twist-offset, ¢) droplet misalignment. Asterisks indicate outliers in the
data.

Figure 17: SEM images of 2 x 2 mm assembly structures. a) 45° nominal edge geometry, b) 45°
nominal with incorrectly manufactured edge geometry, c¢) top-down view of 105° structure, d)

135° structure clearly showing stepping of individual 25 um layers.
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