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Abstract

The study of adhesion mechanisms in animals such as the gecko has helped mankind with
the understanding and development of novel adhesives. The adhesion mechanism of the tree
frog is not fully understood, it is a wet adhesion mechanism which works differently than
the dry adhesion mechanisms of animals, such as the gecko, studied previously. The wet
adhesion mechanism of the tree frog may be based on the capillary force present in liquids.
Researching the adhesion mechanisms of the tree frog could help develop new capillary based
adhesives. Although there are several capillary measurement methods and devices used to
study the interactions between small volumes of liquids and surfaces, they would require the
frog to be immobilized for accurate measurements, which constitutes as harm. This thesis
begins the design and development of a system to measure the capillary force created by
tree frogs without harming them. The selected concept functions with the use of a pressure
sensor connected to the capillary pressure source with capillary channels. This concept al-
lows for a precision of 12 Pa determined by the pressure sensor and a responsiveness of 30 ms
determined by fluidic circuit while allowing the frog to roam free around the system input.
The components were tested to verify their functionality. A controlled pressure source is
used to verify the calibration of the sensor, the time constant and hydraulic capacitance;
which are the parameters that determine the accuracy and responsiveness of the system.
The sensor was successfully calibrated to measure pressure linearly up to 10 kPa but the
time constant and hydraulic capacitance were experimentally measured to be three orders
of magnitude larger than the estimated parameters of the components. In order to solve the
disparity between the experimental and theoretical values, different tubing and connections
were suggested to reduce the hydraulic capacitance and a method verifying the presence of
air bubbles was advised. A Sesille drop experiment was performed on the pressure sensor
in order to support the principle of measurement, the results suggests the principle of mea-
surement is valid but the issues surrounding the fluidic circuit needs to be resolved in order
to complete the system.
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1 Introduction

Mankind has improved the development of adhesives by mimicking the adhesion mechanisms
of animals such as the gecko [1–3]. To mimic these animals, the fundamental principles, the
conditions and the limitations of their gripping mechanisms have to be studied. Tree frogs differ
from other terrestrial animals with gripping mechanisms as they have evolved a form of adhesion
through the wetness of their toe pads, the adhesion method is called wet adhesion. The tree frogs
wet adhesion is versatile as it can stick to smooth, rough, dry and even wet surfaces found in
rainforests. The tree frogs adhesion is adapted to work in a wet environment while maintaining
high mobility which can be used to develop new fast wet adhesion mechanisms for commercial
use in wet conditions like rainy locations [4].

Many possible underlying mechanisms have been hypothesised to explain the tree frogs’ wet
adhesion. Currently, the capillary force has been the predominant mechanism according to liter-
ature. However, other mechanisms such as the Van der Waals force may be of greater or similar
importance as the capillary force [5]. To verify the importance of the capillary force in tree
frog adhesion, the capillary force needs to be quantified. Determining the contribution of the
capillary force will also suggest if another mechanism is of lower, equal or greater importance
in tree frog adhesion. Quantifying the contribution of the capillary force will help select which
mechanisms to utilize during the development of potential synthetic wet adhesives.

There are currently several methods used to determine the capillary force in general, which can
be classified into three groups: force measurement, liquid shape analysis and pressure measure-
ment. These methods are characterised by different advantages and disadvantages. The force
measurement and pressure measurement methods are usually very precise but require a certain
control over the subject [6–8]. In force measurement methods, the subject needs to be motionless
to reduce the hydro-dynamic force caused by the viscosity of the liquid. This means that the frog
would have to be held in place. The liquid shape analysis methods do not require much control
over the subject as they ignore forces, like the hydro-dynamic force; but they are usually less
precise than the other methods, especially with complex shape like a tree frogs toe pad [9; 10].
There are currently no systems that can measure the capillary force used by frogs in a precise
manner, in real time that does not negatively affect the frog; therefore, the aim of this thesis is
to develop such a system.

Current knowledge about the functionality of the tree frog adhesion as well as knowledge about
the capillary force found in literature will be used to create the initial concepts of the system.
This knowledge will also help to validate the final system through analytical calculations. The
design of the system will include a setup for a final test, using a liquid meniscus of known pa-
rameters applied by a mobile force sensor system to mimic the mucus of the frog. The system
will be designed, developed and tested to measure the capillary force of simple adhesive systems.
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2 Theoretical background information

2.1 Theory on capillary interactions

Capillary interactions occur in a multi-phase interface with fluids and solids. The interface is the
location at which different phases meet and interact with one another. A bubble in a liquid is a
common example of a two-phase interface while a droplet of water on a solid material or a drop
of oil on the surface of water are common examples of a three-phase interface. The multi-phase
interaction occurring at the toe’s of a tree frog is a three-phase interface between the liquid
mucus, the gas air and the solid substrate on one side and toe pad on the other.

Starting from a two-phase system, the cohesive force attracts liquid molecules to each other and
the adhesive force attracts the liquid molecules to the other fluid. If the cohesive force is signif-
icant compared to the adhesion force, the molecules at the surface of a drop will be attracted
towards the center of the drop creating the surface separating the liquid from outside, which can
be seen in figure 1. The total force over the length of the surface maintaining the shape of the
drop is the surface tension, see equation 1. The surface tension varies depending on relative air
humidity (%RH), temperature and external pressure [10–12].

Figure 1: Schematic of the cohesive force at the edge and at the center of a liquid

γ =
FS
L

(1)

Where FS is referred to as the surface tension force and L is the unit length the force is acting
on. Due to the surface tension being a force which maintains the shape of the liquid, a balancing
force is present as pressure. The pressure inside the liquid will be different than the pressure
outside. The pressure difference between the two phases at the interface is in balance with the
surface tension, which is represented by the Young-Laplace equation:

Pc = γ ∗
(

1

R1
+

1

R2

)
(2)

Where R1 and R2 are the defining radii of curvature of the meniscus. In a perfect sphere i.e.
a simplified droplet, R1 = R2 [13]. The capillary pressure, also called the Laplace pressure, is
the pressure difference between inside the liquid, and outside the liquid. The resulting force, the
pressure force, can be determine by multiplying the capillary pressure with the effective area A,
the cross section at the center of the liquid system, see equation 4.
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Pc = Poutside − Pinside (3)

Pc =
FP
A

(4)

In a three-phase system, the adhesion force is affected by another fluid or solid at the interface.
The ratio between the cohesive force and adhesive force is visible from the contact angle θ, in
which case a larger cohesive force compared to the adhesive force results in a larger contact
angle. The surface tension force depends on the contact angle and is reduced if the adhesive
force increases. The surface between the liquid and the air is called the meniscus, which can
either be concave, convex or planar depending on the surface tension. The total capillary force
is the sum of the surface tension force (FS) and the pressure force (FP ) during the interactions
of fluids and solids [13; 14]. Equation 5 can be rewritten as equation 6.

Fc = FP + FS (5)

Fc = A ∗ Pc + L ∗ γ ∗ sin(θ) (6)

2.2 Wet adhesion in tree frogs

The mucus and the toe pads of the tree frog have been studied in order to obtain a better under-
standing of this animal and its capabilities of wet adhesion [5; 15]. The studies established the
mucus parameters for tree frog adhesion, the physical changes in respect to the mucus during
the movement of the frog, and potential models which can be used to simulate the capillary force
of the tree frog.

The mucus is a water-based solution produced by the tree frog primarily to retain moisture to
enable skin breathing and to regulate temperature [16; 17]. The mucus may have other purposes
such as being used as an adhesive layer for wet adhesion to increase mobility. The mucus has
been studied before to get a better understanding of its notable parameters for wet adhesive
functions. The mucus contains surfactant molecules which increases the wettability and reduces
the surface tension to achieve a contact angle of less than 10° on hydrophobic and hydrophilic
surfaces [5; 18]. The surface tension of the mucus has not been studied but it can be considered
low relative to water due to its high wettablility. A low surface tension would translate to a low
surface tension force term of the capillary force, meaning the pressure force term would be the
dominant term.

As the tree frog moves around and attaches itself to different surfaces, the frog releases mucus at
the toe pads, surrounding the bottom of the pad fully with a wedge thickness of 5 µm to 10 µm
and an unknown meniscus height and curvature [19]. Furthermore, studies have shown that
adding a surfactant to the tree frogs toe pads impaired their ability to stick to walls, suggesting
that the capillary force is indeed used for their wet adhesion [5].

Following equation 6 from the theory of the capillary force explained in section 2.1, in order to
determine the capillary force, the effective radius of the meniscus and the contact area have to
be determined in the case of the tree frog. Due to the curved shape of the toe pad, the capillary
force can best be approximated as the capillary force between a plane and a sphere, see figure 2
[5; 13]. This is only a rough approximation as the toe pad is not a rigid sphere.
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Figure 2: Schematic of the liquid bridge between a plane and a sphere.

Fc = 2 ∗ γ ∗ π ∗ l −A ∗ Pc (7)

A = π ∗ l2 (8)

l = R1 ∗ sin(β)− r ∗ (1− sin(Θ1 + β)) (9)

r =
R1 ∗ (1− cos(β) +D

2 ∗ c
(10)

c =
cos(Θ1 + β) + cos(Θ2)

2
(11)

Furthermore, due to the low contact angle and low surface tension of the mucus, the capillary
force can be further estimated as the pressure force multiplied by the effective area. By omitting
the surface tension force, the calculations are greatly simplified and there will be no need for a
camera to measure the meniscus radius and contact angles [5; 13].

Fc = FP = A ∗ Pc (12)
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3 Concept development

The objective is to determine the capillary force of the tree frog, which according to section
2.1, requires three sets of parameters to be measured: meniscus parameters (effective length and
contact angle), area and either force or pressure. The meniscus parameters or meniscus shape
will determine the surface tension force term, and the area with the pressure will determine the
pressure force term. These two terms sum up to the capillary force. The capillary force can
also be directly measured, but the surface tension force and pressure force terms will still be
necessary to verify the results from the system with the theoretical calculations, in which case
the meniscus shape and area are still necessary. To fulfil this objective, the design procedure
of the system will follow a generic process: requirements definition, concept creation, concept
selection, system construction and testing.

3.1 List of requirements

The first step into designing a new system is to define a list of requirements. This list is cre-
ated through common requirements to measure any parameter (precision, speed, cost), through
special factors regarding the test subjects, such as tree frogs (does not harm the subject, is not
intrusive) but also through the limitations created by other components (does not obstruct com-
ponents). Table 1 lists the requirements in order of importance to prioritise satisfying the critical
requirements. The requirements were not given a weight factor due to the relatively short list,
the preference of a concept in relation to the requirements can be shortly discussed.

The most important requirement is the precision of the measurement as the capillary force needs
to be precisely measured to argue its importance. It is also important that the system should not
harm the tree frog, otherwise an existing device can be used instead. For a more straightforward
objective, harming the frog is considered synonymous to requiring a static target, as attaching
an animal in place can be considered harming it. The system cannot be intrusive to the mucus
as this will affect the mucus shape and therefore change the capillary force, which could invali-
date the results if not taken correctly into account. The system should be responsive enough to
measure the capillary force for the time a frog stays still on the system but it would be ideal if
the system could be responsive enough to measure the capillary force during the formation and
breaking of the adhesive contact. The components should obstruct the least amount of views
around the substrate to allow space for other necessary components, but as there are multiple
ways to place the components, it should not be an issue if they are somewhat obstructive. The
concept should not be affected by the rotations of the system, which means the concept still
functions properly when the system is rotated. A system that could rotate would allow future
experiments at different angles, however different variations can be build, or calculations can
be updated to compromise for the lack of this requirement. As the substrate will be used as a
platform for the frog, limitations regarding the properties of the substrate should be considered,
such as its transparency. A substrate can always be designed to try to fulfill these limitations.
Finally the least important requirement is the cost, as long as these costs aren’t unreasonable.

Classifiers were used to give an objective result of the concept. There are two types of classifier
and each classifier has four levels of satisfaction to the requirements. ”Yes/no” classifiers are
used to identify if the concept follows the requirement. In some cases it may not fully comply or
fully oppose the requirement, in which case, explanations are included to place the concept into
one of the four levels of satisfaction. Value classifiers are used to identify the concept between
four different ranges of numbers. The numbers are estimated to give a better idea of when a
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requirement is more or less followed.

Requirements (by importance) Classifier

Precise measurement Value
Does not harm the tree frog Yes/no
Intrusive to the mucus Yes/no
Responsive and continuous measurement Value
Obstruct views (side and bottom) Yes/no
Affected by the rotations of the whole system Yes/no
Limitations related to the substrate Yes/no
Cost Value

Table 1: List of requirements from higher importance to lower importance

3.2 Concept Creation

The next step into designing a new system is to create a certain number of concepts. For the
measurement of each of the three parameters (meniscus shape, area and force/pressure), several
concepts were created, some of which can be used to measure multiple of the three parameters.
Each concept was created through brainstorm sessions and online research. In this stage any
idea was kept if it can physically work, even if it is not fully proven yet. The concepts were
then compared with each other using a decision matrix. The decision matrix helps select the
most appropriate concept by giving a clear overview of how well concepts follow the requirements
defined previously.

3.2.1 Meniscus shape

The mucus surrounds the toe pads creating the meniscus shape, but the parameters that define
the meniscus can be obtained from the two dimensional cross section of the mucus viewed from
the side as explained in section 2.2. This limits the possible concepts, so the optimal method to
measure the meniscus shape is through an external video camera. There are two different ways
to capture a video, primarily with the use of a visible light camera and secondly with the use of
a thermal camera.

The visible light camera is one of the more versatile options to measure both the meniscus con-
tact angle and area. A back light can also be added to increase the contrast between the object
and the background. Although adding a back light increases the amount of components on the
system, the results of the measurement will be more precise. Cameras can achieve high resolu-
tions and high frame rates for a relatively low cost [20; 21].

The thermal camera measures the change in temperature instead of the change in light and
colour. This is plausible as the temperature of the mucus is different than that of the ambient
air. Much like the camera, the thermal camera can capture the meniscus contact angle and
area through the temperature contrast between the object and the background. However, due
to several differences, including a lower relevance of thermal imaging compared to visible light
imaging, it may cost more to get an equal resolution and frame rate. Furthermore due to the
constant heat transfer from hot object to cold ones, the barrier between the object and the
background may be imprecise lowering the precision of the method [22–24].
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3.2.2 Area

The area refers to the contact area between the mucus surrounding the toe pad and the surface
the mucus is interacting with, as explained in section 2.2. It can be measured similarly to the
meniscus shape as it is a two dimensional image, meaning a video camera and a thermal camera
are possible concepts. Other additional possible concepts includes the area scanner and the tac-
tile sensor.

The camera concepts works similarly for the contact area as it does for the meniscus shape but
adds an additional restriction to the design of the system. The contact area is measured from
the bottom of the toe pad, which would be interacting with a physical object, the substrate.
This substrate would be in between the mucus and the camera, which interferes with what the
camera can observe. In case of a video camera, the substrate would have to be transparent to
let the light and colour through. In case of a thermal camera, the substrate will have to be thin
and thermally conductive to allow for an effective heat transfer.

The contact area can also be measured through an area scanner which works similarly to a video
camera but simplifies area measurement in exchange for a smaller focal length. The area scanner,
similarly to the camera, measures the area by using light and colour contrast between the object
and the background. The major difference is the lack of lenses which requires the area scanner
to be placed close to the object. The area scanner costs less than the video camera but also has
a lower resolution and frame rate [25; 26].

The contact area can also be measured using a tactile sensor. This works differently than the
other concepts as this requires contact with the object. The pressure provided by the object on
the surface of the tactile sensor will project the area. This reduces the precision in area mea-
surement but enables the possibility to measure the pressure as well as the area simultaneously.
As the tactile sensor is opaque, it cannot be combined with another area measurement method.
The precision is limited in terms of its resolution but also by the object which needs to apply a
minimum amount of pressure to be recorded. Furthermore, the total weight of the frog will need
to be taken account as it is not part of the capillary pressure but will be measured by the sensor.
The effect of gravity when the system is rotated will effect the weight of the frog applied on the
sensor and should be taken into account as well. The tactile sensor seems to be a relatively cheap
option but the resolution, precision and response time will be lower than some other options [27].

3.2.3 Force or pressure

The final component that needs to be measured is either the total capillary force or the applied
pressure, as explained in section 2. The force can be measured through a force sensor, while
the pressure can be measured through either a tactile sensor, a pressure sensor or a force sensor
attached to a membrane. The tactile sensor is explained in the previous section and will not be
discussed further. The pressure sensor can be used in two different ways which will be called
the bottom configuration and the side configuration. In the bottom configuration, the entrance
to the pressure sensor will remain static as the mucus is applied. In the side configuration, the
entrance to the pressure sensor will move into the side of the mucus.

The pressure sensor can measure the capillary pressure inside the mucus by having the entrance
to the pressure sensor come into contact with the boundary of the mucus. A micro pressure
sensors has a relatively high precision, it is relatively responsive and it can be obtained at a low
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cost [28]. However, in order to place the entrance to the pressure sensor on the boundary of the
mucus, it will take precise movement and time. This means that not only will the frog have to
be restricted but it is also likely that the meniscus geometry of the mucus will be affect by the
opening of the sensor.

The pressure sensor can also measure the capillary pressure inside the mucus by having the mu-
cus come into contact with the entrance to the sensor placed in the supportive platform. The
pressure sensor will maintain the same precision, responsiveness and cost as the side configura-
tion but the way the sensor interacts with the mucus will be simplified [28]. The entrance to the
sensor will be stationary as the object moves freely until the mucus interacts with said entrance.
The fact that the sensor can run continuously allows this method to work. It will be no longer
be necessary to move the sensor entrance in the correct position and the system will be less
intrusive. The issue with this concept is that the entrance leading to the sensor will be located
between the object and the substrate. The component that will connect the entrance leading to
the sensor, to the sensor can potentially obstruct the view to the mucus contact area.

A force sensor can be attached to a membrane to create a pressure sensor embedded in the
substrate. It would use a force sensor, which has a high precision, low cost and low responsive-
ness attached to the membrane of known size and parameters located in the substrate below the
object. It will effectively measure the pressure similarly to the pressure sensor in the bottom
configuration, so this concept should not be affected by the rotation of the system. Due to its
location, it can significantly obstruct the view to the contact area of the mucus [29; 30].

The force sensor has been used before to measure the capillary force between different liquids
and surfaces [7; 9]. It is usually of high precision and low cost but lacks in responsiveness. In
liquid systems, the low responsiveness and the necessity to wait for an equilibrium to be achieved
is not a problem as the object to be studied is controlled, however in the case of a living object
this is not the case. Furthermore, the force sensor will also measure the force applied by the
weight of the frog, meaning the sensor will have to be placed in a way that the weight of the
frog can be ignored or the weight of the frog will have to be taken into account during calcula-
tions. The weight issue must also be taken into account during the rotation of the system [29; 30].
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Figure 3: Decision matrix for the selection of the concept

3.3 Concept Selection

Following the decision matrix, figure 3, the preferred concepts are further developed and sketched
in order to compare them. Cameras are used to measure the meniscus shape as well as the area for
both final concepts. The concepts vary in terms of the component to measure the force/pressure.
As seen in figure 4, concept 1 uses a pressure sensor which is connected to the substrate through
a tube and concept 2 uses a force sensor attached to a membrane, which is connected to the
substrate. The force sensor decreases the visibility compared to the tube, the tube can be selected
to be transparent or it can be implemented inside of the substrate. Concept 1 is selected to make
it possible to measure the contact area accurately and still maintain a relatively high pressure
measurement precision and response.

9



Figure 4: 2D sketch of the 2 chosen concepts from the matrix
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4 System development for capillary pressure measurement

4.1 Measurement principle

The system will work based on the flow of liquid generated by the capillary pressure. The flow
generated by the capillary pressure in the mucus deforms the membrane, as shown in figure 5. The
deformation in the membrane is measured, which is used to calculate the flow and accordingly the
unknown capillary pressure. As the system is equivalent to a RC circuit following the hydraulic-
electric analogy, the flow can be expressed following equation 13 [31; 32].

q = C ∗ dP
dt

=
Pc
R

(13)

Where q the flow rate of the liquid, Pc is the capillary pressure of the mucus, P the internal
pressure of the sensor, C the hydraulic capacitance and R the hydraulic resistance. Equation 13
can be rewritten as equation 14.

Pc = C ∗R ∗ dP
dt

(14)

In order to calculate the capillary pressure correctly, the hydraulic capacitance and the hydraulic
resistance need to be determined or selected. The hydraulic capacitance is determined through
the displaced volume of a deformable object per applied pressure. In the hydraulic chamber,
the membrane is the deformable object. The hydraulic resistance is determined through the
friction of a wall on a flowing liquid, which depends on the size, length and shape of the tube.
In a hydraulic-electric analogy, the system is equivalent to a RC circuit with a time constant τ
which can be calculated from the total hydraulic resistance and the total hydraulic capacitance
following equation 15 [32].

τ = R ∗ C (15)

Figure 5: Sketch of the principle of measurement. q represents the flow of the liquid that moves
from the higher pressure to the lower pressure. Pc represents the capillary pressure of the

mucus, P represents the pressure inside the sensor and Pa represents the ambient air pressure.
The dotted lines represents the membrane which moves due to the change in liquid volume in

the hydraulic capacitor.
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4.2 Component selection

Following the sketch of the conceptual system seen in figure 4, there are 5 components that need
to be selected to make the system function.

• A hydraulic capacitor
• Two cameras
• A substrate with a capillary channel
• A tube to connect the substrate to the sensor
• A liquid medium

Each component will have to be selected to fulfil the design requirements but also to take into
account the other components. The specifications to take into account include the optical pa-
rameters to allow for an accurate measurement of the contact area and meniscus shape, as well
as the fluidic parameters to obtain a good system time constant.

4.2.1 Hydraulic capacitor

A commercially available pressure sensor containing a deformable membrane is used as the hy-
draulic capacitor due to the ease of use benefits. The membrane is instrumented such that the
deformation is measured as an electrical output. The sensor needs to follow a few requirements.
It must be very sensitive, i.e. it must measure a minimum pressure as small as 10 Pa, which
is four orders of magnitude smaller than that of the unknown (capillary) pressure. In order to
obtain such a sensitivity, the working range of the sensor has to be restricted to approximately
10 kPa, which is approximately the initial estimated value of the unknown (capillary) pressure.
Owing to the ease of implementation, it is favourable if the commercially available sensor has a
barbed port, a pin DIP or SIP connection and a digital I2C or SPI connection. The obtained
pressure sensor is the SSCDRRV100MGSA3 by Honeywell [28]. An Arduino was used to read
the information sent from the sensor and send that data as readable numbers to the computer.
This sensor works at the supply of 3.3 V DC meaning the arduino used should apply 3.3 V. The
arduino DUE is selected to accompany the sensor as it is a versatile board which applies 3.3 V [33].

The deformation of the membrane caused by a change in liquid volume is related to the physical
property of the hydraulic capacitance C. The hydraulic capacitance can be estimated from the
membranes shape, dimensions and material properties. The membrane can either be circular
or quadratic, which effects the capacitance by the shape factor S. The shape of the membrane
of the SSCDRRV100MGSA3 sensor is quadratic. The capacitance of a quadratic membrane is
given by equations 16 and 17 [32].

C =
S ∗ a6 ∗ (1− p2)

t3 ∗ E
(16)

S =
1

66
∗
(

8

15

)2

(17)

In order to to estimate the range of the hydraulic capacitance, the width and thickness of the
membrane from an opened sensor were measured with the help of a Keyence Optical Measurement
System. As seen in figure 6, the membrane has a width of a ≈ 0.9198 mm and a thickness of t ≈
9.1 µm. p is the Poisson’s ratio and E is the elastic modulus of the material of the membrane.
The material used in these types of sensors is silicon, therefore the Poisson’s ratio and elastic
modulus are estimated from literature as: p = [0.25−0.3] and E = [110−180] GPa [28; 34]. The
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hydraulic capacitance of the sensor is estimated to be between C = [1.751∗10−17−2.952∗10−17]
m3 Pa−1 or C = [1.751 ∗ 10−2 − 2.952 ∗ 10−2] pL Pa−1.

Figure 6: Approximate measurements of the membrane width a (left image) and thickness t
(right image) obtained through the optical measurement system.

4.2.2 Cameras

The cameras will be used to capture the shape and contact area of the meniscus. They will be
positioned to capture images below and to the side of the substrate. The camera used are a set
of Mikrotron MC1362 (1280 px× 1024 px, max 500 fps) with an Epix PIXCI-E8 frame grabber.
The cameras have the Nikkor 105 mm AF-D lens in combination with a +5 Mareumi close-up
lens and a 21.5 mm extension tube attached to it for a practical focal length. The cameras will
be positioned on the railings such that the drop is in the correct focal length.

4.2.3 Substrate

The substrate is used as the solid surface the frog will walk on and it will contain a capillary
channel filled with a liquid medium connected to the hydraulic capacitor. The substrate is
designed to retain the liquid medium, even against gravity, by using the effect of the capillary
action from the surface tension of the liquid [35]. The size of the opening leading to the sensor
must be small enough for the surface tension force to overcome the weight of the liquid column,
which can be calculated using equation 18. The equation takes into account the surface tension
γ, the density D of the liquid, the gravitational constant g and the length of the channel L to
determine the maximum radius R of the channel such that the liquid will not flow out.

R =
2 ∗ γ

g ∗ L ∗D
(18)

The substrate will largely determine the time constant as it behaves as a hydraulic resistor. The
substrate would have to be made from a sufficiently rigid material in order to have a hydraulic
capacitance that can be considered insignificant compared to the hydraulic capacitance of the
membrane of the hydraulic capacitor [31]. The hydraulic capacitance of the substrate would then
be ignored to simplify calculations. The hydraulic resistance of the substrate is a major factor
for the time constant due to how small the capillary channel is. The resistance depends on the
shape of the channel and its size; the resistance can be calculated with equation 19 in the case of
a channel having a quadratic cross section, where the height is equal to the width. The viscosity
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of the fluid v, the length of the channel L and the width of the channel W are the necessary
parameters [36].

R ≈ 32 ∗ v ∗ L
W 4

(19)

As discussed previously, the substrate would include a capillary channel, which can be imple-
mented in multiple ways. Figure 7 shows the different options of implementing the channel, which
can be achieved using different methods. Option 1 is a simple solution as the channel can be
drilled straight through the substrate, but the connection to the sensor can moderately obstruct
the view of the contact area. Furthermore, it is difficult to drill holes of less than 100 µm in
diameter without access to high-precision equipment. Option 2 can also be produced by precise
drilling, or other manufacturing processes, whilst not obstructing the view of the contact area
as much as Option 1. However, Option 3 also does not obstruct the view of the contact area
as much as Option 1 and, through online research, is seemingly the most accessible due to the
Lab-on-a-Chip technology used by fluidic engineers. They are produced as off-the-shelf designs
using different manufacturing processes such as injection moulding. Due to the simplicity of a
precise and accessible option, where the system will be initially working as a proof of concept,
Option 3 is favoured. The selected substrate is the fluidic 143 chip from Microfluidic-Chipshop
with a squared channel of 20 µm wide, with a channel length of 58.5 mm and an opening diameter
of 50 µm. The fluidic 143 chip comes in two materials: PMMA and Topas. The chosen material
is Topas as it is less water absorbent and approximately as hard as PMMA at room temperature.
Both of these materials are considered sufficiently rigid that the hydraulic capacitance can be
ignored [31; 37].

Figure 7: Sketch of the 3 possible ways to include a capillary channel in the substrate.

4.2.4 Tube

The tube will be used to connect the substrate to the pressure sensor, and similarly to the
substrate and hydraulic capacitor, the tube will be filled with a liquid medium. As the substrate
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will have a set fluidic resistance, the tubes internal diameter and length will be selected to
compensate for any lack of fluidic resistance of the substrate. Similarly to the substrate, the
capacitance will have to remain as low as possible, which means that the tube will have to be
relatively hard. PEEK tubes are some of the hardest, flexible tube used by fluidic engineers,
which can also have some of the smallest internal diameters; they should serve as great options to
increase the total resistance [36; 38; 39]. A PEEK tube of inner diameter (ID) 25 µm is going be
used to increase the fluidic resistance, however the outer diameter (OD) is 360 µm large, meaning
adaptors will be necessary to connect the tube to the substrate and the pressure sensor [40].

R ≈ 8 ∗ v ∗ L
π ∗R4

(20)

The easiest way to adapt tube sizes without any leak is with the use of sleeves and soft wall
tubing, such as silicone, of a smaller ID. Sleeves and soft walled tubes can expand to adjust their
diameters while maintaining the required pressure onto the wall to increase friction and reduce
the risk of leakage. The sensor contains a barbed port with an OD of 1.6 mm, so a silicone tube
with an ID of 1.5 mm is required to connect the PEEK tube to the sensor. An additional sleeve
of ID 0.015 mm is required to increase the OD of the PEEK tube to 1.6 mm. The substrate will
have an olive fluidic port with an OD of 2 mm, so the same tube that is being used to connect
the PEEK tube to the sensor can be used to connect the olive port to the PEEK tube. The
connections of the tubes and ports can be seen in figure 8.

Figure 8: Schematic of how the PEEK tube will be connected to the sensor and to the
substrate.

4.2.5 Liquid medium

The liquid medium will fill the substrate, the tube and the pressure sensor to allow the liquid
flow to be detected by the hydraulic capacitor. If the medium is a compressible fluid, such as air,
the system will respond too slowly to the changes in pressure as the fluid will have to compress

15



to its smallest volume at pressure first, i.e. the fluidic capacitance will be too large. For this
reason, a liquid medium is used, which is less compressible. The liquid will obstruct the view of
the contact area so it must remain transparent, preferably with an equal refraction index to the
substrate. The liquid may not contaminate the mucus of the frog or damage the materials in
contact (substrate, tube and sensor). Water will be the initial choice as its properties are well
known and it will not damage the components, but a more appropriate liquid medium can be
selected in the future after performing additional research [28; 40; 41].

4.2.6 Additional components

There are other necessary components which need to be added to monitor and test the final sys-
tem but do not take part in the principal workings of the system. A DHT 22 Joy-IT thermometer
is added to measure the temperature near the liquid channel. If the temperature of the liquid
channel changes during measurements, the volume and the pressure will change. As the system
functions with small volumes of liquid, these temperature changes can affect the measurements
significantly. In order to apply a liquid meniscus to parallel the mucus of the frog and verify the
capillary force measured by the system, a mobile force sensor system is implemented. It includes
a metallic sphere with a known radius, which is attached to a Futek lsb200 force sensor. The
force sensor is connected to a Thorlabs three-axis motorized stage which can move in all three
directions [42–44].

4.3 System assembly

The selected components need to be assembled into a system in a working manner. The cameras
will have to be correctly aligned with the opening leading to the sensor to record the values
with the best precision. The sensor will have to be placed at such a position that the tubes
have a straight path and the required length determined by the calculated hydraulic resistance.
Sufficient space must be reserved to add any additional components that cannot be placed far
away from the system, such as the additional components mentioned in section 4.2.6. All the
structural components must be added to fix the components in the correct position and allow
for any components that need to be able to move to maintain the high precision. Solidworks is
used to create the 3D model to visualize how each components can be placed and to determine
the length of any structural components that need to be produced.

As seen in Figure 9, the system will be placed on a table with a hole in the center. The hole
is to allow space for the lower camera while allowing the system to rest on the table. Placing
the bottom camera vertically will simplify the design compared to the concept shown in Figure
4 and remove the need to use and align a mirror. The system will rest on the table to reduce
vibrations and materials. The frames are placed directly on the table to support the compo-
nents; the frames surrounding the bottom camera are of two different heights. The taller frames
are used to give the substrate enough height to align the opening of the pressure system with
the center of the side camera. The smaller frames provides space for the side camera to be
placed as close to the substrate as necessary. To maintain the structural integrity of the plates
used to place the components, they are connected through a bridge on the side of the light source.

The components are placed in a condensed manner around the opening to the sensor, which
will be considered the center of the system. The opening leading to the sensor is located at the
correct focal distance away from the cameras. The cameras can be moved alongside and across
the railings for better precision. The object, in this case the metallic sphere, can be moved using
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the XYZ-stage to the appropriate location. The substrate is secured using a thin rubber-metal
plate screwed into the substrate holder. The substrate holder has a large enough hole at the
bottom to allow the camera to correctly view the bottom of the substrate. The substrate holder
is slightly larger than the substrate to allow the centering of either of the four channel openings.
This allows a different channel to be used if something happens to one of the channels or if the
channels are filled with different liquids for testing purposes. A thermometer is placed near the
substrate to measure the change in temperature as this affects the volume and pressure of the
liquid inside the channel. The pressure sensor is placed vertically to reduce severe bending of the
tubes connecting the sensor to the substrate. The pressure sensor, thermometer and Arduino
are placed close the one another to reduce cable lengths. These objects placed vertically may
increase vibrations due to the height of the vertical platform. These vibrations can affect the
measurements, as seen when moving the vertical platform, changes in pressure were measured.

Figure 9: Overview model of the final system with the placement of the key components. The
orthogonal view (top) shows the placement of all the components and the top view (bottom)

shows the alignment of the components around the substrate.
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5 System functionality measurements

In order to verify the functionality of the components as well as the system as a whole, multiple
experiments will have to be performed. First of all, the pressure measurement accuracy, range
and precision needs to be verified. This means the hydraulic capacitor needs to be calibrated
and tested across the expected range. A noise analysis is also preformed to verify if the noise
will not overshadow the measured value. Finally, a proof of concept is necessary to support the
creation of this system; preferably using the components akin to the final design.

5.1 Calibrating and verifying the working range of the pressure sensor
used as a hydraulic capacitor

The pressure sensor purchased to be used as a hydraulic capacitor needs to be calibrated and
tested in order to function properly in the system. Each pressure sensor can behave slightly
differently, the data output will not be the exact same across multiple sensors, which is why they
need to be calibrated to a known value pressure source before use. The sensor is calibrated using
equation 22 with the output values being the bit data the sensor sends to the Arduino and the
pressure values the respective pressure translated from the bits. The calibration can be done
with either 2-points, 3-points or more points but in this case the 2-points method was sufficient
due to the linearity of the sensor in the necessary pressure range, as seen in figure 10 [28]. As the
calibration determines the slope of the system, an auto-zero function can be added to measure
a relative change in pressure instead of the absolute pressure. This is useful in order to ignore
any pressure applied by unwanted liquid, such as in the connecting tubes; however it may make
it difficult to notice when the saturation level, the pressure at which the sensor does not remain
linear, is reached.

Figure 10: Pressure measurement and linearity system of the digital pressure sensor obtained
from the manufacturers documentation [28].

Pressure =
(Output−Outputmin) ∗ (Pressuremax − Pressuremin)

(Outputmax −Outputmin)
+ Pressuremax (21)
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In order to verify if the pressure sensor functions as expected, the same set of experiments to
calibrate the sensor has been done. The verification process is to determine if the sensor is indeed
linear during the whole expected pressure range, which in this case is 0 kPa to 10 kPa. There
are two methods to calibrate and verify the pressure sensor, which can be seen in Figure 11: the
hydro column method and the air-pressure source method. The air pressure source method was
used to calibrate the sensor and the hydro column method was used to verify the calibration.
The air-pressure source method uses controlled air pressure which passes through an already
calibrated manometer, then to an air-to-water converter and finally to the sensor. The main
issues in this case is that the sensor is calibrated as precise as the manometer allows, if the air
pressure source does not vary too much. The hydro column method has the sensor connected to
a water column of known height which applies a set pressure. The available water column range
to verify the sensor is 0 cm to 120 cm which equates to approximately 0 kPa to 12 kPa. The
main issues from using this method includes the imprecision caused by human error when setting
the height. A technique used to maintain a high precision is setting the height by removing water
with the use of a valve.

19



Figure 11: Experimental setups to apply a known hydraulic pressure to the sensor. The water
column experiment (top) uses a water column of more than 120cm to apply pressure and the

air pressure source experiment (bottom) uses air pressure connected to an air-to-water
converter to apply pressure.
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Figure 12: Pressure measured by the pressure sensor vs. the applied pressure. Data was
obtained using the water column setup.

Pmeasured = 0.9981 ∗ Pexpected − 8.147 Pa (22)

The calibration succeeded following the results of both the hydro column method and the air
pressure source method. By verifying the results of the hydro column method of 0 cm to 120 cm
with 10 cm intervals, the sensor does indeed remain linear up to approximately 10 kPa to 11 kPa
where it starts to curve as it tends to 12 kPa.

5.2 Sensor noise evaluation

The noise of the pressure sensor is essential in determining the accuracy of the sensor during
general pressure measurements [28]. In order to determine the change in accuracy across dif-
ferent pressure ranges, data was acquired using the air pressure source method. During the
measurements, a linearly decreasing trend would generally occur when applying pressure, which
varied between −0.03 Pa/s to −0.07 Pa/s, with the steeper rates occurring at a higher applied
pressure. A linear detrending algorithm is applied on each of the data to remove the drift as this
is independent from the sensor noise.
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Figure 13: The data obtained during a pressure measurement experiment used to determine
the noise of the sensor. The magnification of each section is shown in the appropriately

coloured graphs. Each section has also been through a linear detrend function.

Range (Pa) Standard deviation (Pa)

System at rest prior to 1 kPa 10.121 1.355
System at 1 kPa 6.536 1.152
System at rest prior to 1 kPa 8.217 1.291
System at 5 kPa 8.785 1.445
System at rest prior to 1 kPa 12.196 1.481
System at 9 kPa 7.212 1.457

Table 2: Range and standard deviation to the mean of the pressure measured by the sensor.
When at rest, no pressure is applied; at higher pressure, a pressure of 1 kPa, 5 kPa and 9 kPa

were applied respectively.

The noise produced by the sensor remains consistent throughout the change of pressure. This
is expected as the sensor noise is independent to the measured pressure. The noise produced
by the sensor is approximately ±6 Pa. For the final system, a filter can be applied to omit this
noise.
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5.3 Evaluating the hydraulic capacitance

In order to experimentally determine the time constant, the sensor should be connected to a
capillary tube of known hydraulic resistance. For this experiment, a capillary tube of ID =
254 µm and L = 136 mm was used, meaning the hydraulic resistance is R = 1.33∗1012 Pa s m−3.
The simple hydraulic resistance and hydraulic capacitor circuit is filled with water and a known
pressure is applied instantly via opening the valve using the air pressure source setup. The
progressive change in the pressure across the membrane should follow equation 23, with P0 as
the known applied pressure, τ as the time constant and c as the offset or y-intercept. The
time constant is evaluated by fitting the experimental data using equation 23, from which the
experimental hydraulic capacitance can be obtained through equation 24. The experimental
hydraulic capacitance and time constant should be equal to their theoretical values.

P = P0 ∗ e−t/τ + c (23)

τ = R ∗ C (24)

Figure 14: Air pressure source setup (left) and result (right) in order to determine the time
constant of the setup and the hydraulic capacitance of the sensor.

Time constant (s)
Hydraulic
capacitance
(m3 Pa−1)

Experimental

At 1.5 kPa 2.95e-02 2.216e-14
At 5 kPa 2.00e-02 2.502e-14
At 9 kPa 4.05e-02 3.042e-14
Mean 3.000e-02 2.254e-14
Standard deviation 1.030e-02 7.706e-15

Theoretical
Mean 3.006e-05 2.258e-17
Standard deviation 4.638e-06 3.484e-18

Table 3: Time constant and hydraulic capacitance obtained during the experiment compared to
the expected calculated outcome
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The experimental hydraulic capacitance was found to be around three orders of magnitude larger
than the theoretical hydraulic capacitance. The larger hydraulic capacitance suggests the overall
system is more deformable compared to the deformability of the hydraulic capacitor. The exper-
iment was done multiple times to review possible sources of issue. The main cause of the extra
deformability prior to the results seen in table 3 was from the use of tubing that were too soft.
The same issue can still be present here in the tubing connections or the PEEK tubes. Reviewing
and selecting better tubing and connectors can reduce the overall hydraulic capacitance. There
are still other additional issues that can increase the deformability or measurement inaccuracies.
Air bubbles are a source of deformability due to the compressible gas; even when reducing air
bubbles, such as by using degassed water, it may help to include methods to verify if there are
any air bubbles in the system [31; 32]. Vibrations may also be a current source of inaccuracy,
by greatly reducing the vibrations through fixating the valve to a heavy object, it was easier to
get values out of the data. The lack of data points also contributes to a relatively inaccurate
result, which can be solved by either increasing the time constant using a longer/narrower tube
(higher resistance) or by more importantly increasing the sampling frequency. The experimental
hydraulic capacitance is much closer to the expected value compared to the initial tests, however
there still seems to be some issues regarding the tubing, the air bubbles, the vibrations and the
sampling rate that would help verify the hydraulic capacitance.

5.4 Additional support for the concept

Due to time constraints, it will not be possible to use the full system to fully compare the
capillary force using the force sensor, pressure sensor and shape analysis. In order to support the
continuation of the system, a simplified version of the system experiment was done. A simple
drop of water will be used as the source of capillary pressure instead of a capillary bridge. The
capillary pressure measured by the pressure sensor will be compared to the expected capillary
pressure determined through shape analysis instead of comparing the capillary force of all three
methods. To do this, a simple drop is placed directly on the tip of the sensor, which according
to 4.1, should apply a pressure equal to the sum of the capillary pressure applied by the internal
pressure difference, equation 25, and the hydrostatic pressure applied by the weight of the water,
equation 26.

Pc = γ ∗
(

2

R

)
= 72.8 ∗ 10−3 ∗

(
2

7.5 ∗ 10−4

)
≈ 195.3 Pa (25)

Ph = ρ ∗ g ∗H = 997 ∗ 9.8 ∗ 1.1 ∗ 10−3 ≈ 10.3 Pa (26)
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Figure 15: The data obtained when testing the capillary pressure measurement of a Sessile
drop on the pressure sensor. Each of the three frames taken from the video is placed in the

timeline to determine the pressure measured by the sensor. The first frame is taken at the blue
timestamp, the second frame at the red timestamp and the third frame at the yellow

timestamp.

By using pixel measurements on frame two in Figure 15, the bubble is measured to have a horizon-
tal diameter of 1.5 mm and a height of 1.1 mm, the resulting capillary pressure and hydrostatic
pressure are calculated to be 195.3 Pa and 10.3 Pa respectively. As seen in the pressure data in
Figure 15, when the drop is applied on the sensor (frame two), the pressure measured reaches up
to 225 Pa. This measured pressure is larger than the sum of the expected hydrostatic pressure
and capillary pressure (225 > 205.6), therefore the capillary pressure is likely measured as well.
This simplified experiment suggests the sensor likely measures the capillary pressure, however,
this experiment measured the capillary pressure from an object after its shape had changed due
to the flow caused by the pressure difference. For the final system, a large resistor and the rate
of change of pressure will be required to measure the initial capillary pressure as explained in 4.1.

When performing the same experiment on a more complete setup to the system, which includes
the substrate and a capillary tube connected to the pressure sensor, the results are very different.
Instead of applying the water drop directly to the sensor, the drop is applied on the substrate,
at the entrance leading to the sensor. The substrate is connected to the sensor with a capillary
tube of ID = 250 µm, with the capillary tube being in contact with the sensor and the substrate
as shown in figure 8 in section 4.2.4. The setup can be seen in Figure 16 and the results can be
seen in Figure 17.

25



Figure 16: Experimental setup used to measure the capillary force in a droplet with the use of
the substrate and capillary tube.

11 22

33 44

Figure 17: The data obtained when testing the capillary pressure measurement of a Sessile
drop on the substrate. Each of the four frames taken from the video is placed in the timeline to
determine the pressure measured by the sensor. The first frame is taken at the blue timestamp,
the second frame at the red timestamp, the third frame at the yellow timestamp and the fourth
frame at the purple timestamp. The second frame is right after the placement of the drop and

the fourth frame shows the substrate after it has been moved.

Pc = γ ∗
(

2

R

)
= 151 Pa (27)
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Unlike the drop on the sensor version, there is no clear increase due to the applied capillary
pressure, which should be about 151 Pa. Even the baseline measurement which should remain
around 0 Pa fluctuates as time passes. The largest change in pressure is due to moving the
substrate as seen in frame 4. The lack of coherent pressure measurement is due to the numer-
ous issues that can arise from a complex system. Different versions of these experiments were
preformed, when the drop was applied on a short capillary tube connect to pressure sensor, the
capillary pressure was measured accurately. When air bubbles were present, the pressure mea-
sured was less coherent. When dead volume was introduced between the capillary tube and the
sensor, the baseline would not remain around 0 Pa. There are several issues that can cause the
incoherent pressure measurement, which all need to be reviewed and tested; which includes but
is not limited to the following:

• Too much tension on the tubes or substrate, which can cause bending of the channel and
influence the flow of liquid. In previous attempts, touching or moving the tube and sub-
strate affected the measured pressure.

• Air bubbles or air columns may still be present in the system. Air bubbles or air columns
can be created through leaks, water evaporation or absorption by the substrate. There were
no visual leaks present and water absorption in the substrate is a less likely cause due to the
substrate being made out of Topas, which has a water absorption of less than 0.01 % per
24 h [41]. The water absorption in the capillary tube is likelier than that of the substrate
as PEEK has a water absorption of 0.10 % per 24 h, however this water absorption value is
also low, in which case water absorption remains an unlikely cause [38]. Water evaporation
at the entrance of the channel is a likely cause.
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6 Conclusion and recommendations

The aim of this thesis is to develop a system to measure the capillary force for wet adhesion
while not harming the frog. The design procedure of defining requirements, creating concepts
and selecting the most favourable concept in terms of the requirements has been used to create a
system which measures the contact area, the parameters of the meniscus and the capillary pres-
sure with the help of a side view camera, a bottom view camera and a fixed pressure sensor. The
technique of using a hydraulic resistor connected to the fixed pressure sensor used as a hydraulic
capacitor was established to calculate the applied capillary pressure from the measured pressure
change without the need to have the subject immobilized.

The different components necessary for the functionality of the system have been selected follow-
ing the requirements set during the concept phase and by the established measurement technique.
The hydraulic capacitor is selected to measure up to 10 kPa. A substrate is used as a transparent
surface to apply the liquid bridge and as an entrance to the channel leading to the hydraulic
capacitor. The substrate, along with a capillary tube, are selected to function as a hydraulic
resistor without a hydraulic capacitance. Water is selected as an initial choice for the liquid
medium in order to fill the channel and the hydraulic capacitor. The model for the system has
been designed using CAD to establish how to assemble the various components. The cameras
are placed in clear view of the entrance of the channel leading to the hydraulic capacitor in order
to measure the contact area and meniscus parameters. The hydraulic capacitor is placed in a
way to reduce tension on the capillary tube and substrate. The model includes a thermometer
to monitor the temperature change as the temperature affects the system, and a force sensor to
verify the functionality of the system.

After acquiring the different components to construct the system, several experiments were per-
formed to verify the functionality of the components and to support the concept of the system.
For instance, the hydraulic capacitor has been calibrated and is linear up to 10 kPa. During
the hydraulic capacitance verification experiment, the hydraulic capacitance of the system was
measured to be three orders of magnitude larger than the estimated hydraulic capacitance from
the dimensions of the membrane of the hydraulic capacitor. Furthermore, during the support
for the concept experiments, when applying a source of capillary pressure to the system, in
other words when using the substrate and the capillary tube, no meaningful pressure change
was measured. When applying a source of capillary pressure directly on the hydraulic capacitor,
a pressure change larger than the expected value was measured, suggesting a hydraulic discon-
nection between the source of the capillary pressure and the hydraulic capacitor in the system.
The following recommendations are given to re-evaluate the hydraulic capacitance of the system
and to solve the hydraulic disconnection occurring between the capillary pressure source and the
hydraulic capacitance in the system:

• The larger hydraulic capacitance is likely caused by an unknown additional source of hy-
draulic capacitance in the system, the source is usually in the form of air bubbles [31; 32].
To my knowledge, there are no methods that can be performed before the measurements to
verify if indeed the system is free of air bubbles. There are devices that can measure flow-
ing air bubbles in tubes but not in closed objects like the hydraulic capacitor [45]. There
are measures to prevent or correct air bubble inclusion such as: absence of acute angles
in fluidic path, absence of leaks, degassing liquid prior to experiments and using pressure
to dissolve the air in the liquid [46]. For each of the previous experiments, the liquid was
degassed prior to performing the experiment and there were no presence of leaks. It seems
most promising to apply pressure up to 30 kPa, which is within the working pressure of
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the sensor, before performing experiments to dissolve any potential air bubble in the liquid
located in the hydraulic circuit [28]. These recommendations may also apply to solve the
hydraulic disconnection between the hydraulic capacitor and the source of the capillary
pressure when using the substrate and capillary tube.

• The substrate and the capillary tube may still be a source of unaccounted hydraulic ca-
pacitance in the system, however, the material of these components were considered rigid
(Topas and PEEK have a Young’s Modulus of 2.60 GPa and 3.95 GPa respectively) [41; 47].
If no components with higher rigidity are available, components with smaller internal vol-
ume or larger thickness may work as well [48]. The experiment performed to verify the
total hydraulic capacitance can be performed again with components of different material
and dimension combinations to see what works best.

• The current sampling rate is low (25 Hz) and served as a source of inaccuracy during the
measurements for the evaluation of the hydraulic capacitance. The measurements would
reach the applied pressure within 0.2 s leaving a few points (4-8 points) to apply a fitting
curve. The sampling rate of the pressure data acquisition should be improved, which
can be done by using a faster serial reader software such as Matlab instead of Arduino.
Additionally, the pressure data acquisition can be implemented to run with the cameras
and force sensor in synchronisation when using Matlab to facilitate the capillary force
experiment intended to verify the functionality of the system.

When applying a capillary pressure from a simple drop directly on the hydraulic capacitor, the
measured pressure was larger than the expected capillary pressure, which suggests the system
can measure the capillary pressure. However, the uncertainty of the hydraulic capacitance and
the lack of pressure measured, when using substrate and the capillary tube, needs to be solved
before performing the intended capillary force experiment with shape analysis and a force sensor
to verify the full functionality of the system. More knowledge on microfluidics and hydraulic
circuits could prove beneficial in this endeavor, specifically knowledge on how liquid pressure
and liquid flow behave in microchannels and how they can be measured.
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Appendix

A Calculations to support the component selection

Figure 18 shows the theoretical time constants obtained from the calculated hydraulic capacitance
of the pressure sensor and the resistance determined from different options of substrate and
tubing combinations. These results were obtained following the liquid properties of water, as
the viscosity of the liquid medium effects the time constant. The desired time constant should
reach approximately 5 s, enough to determine the rate of change in pressure over time. The
combination of the fluidic 143 substrate and PEEK 25 tube give the best result which can be
further improved by increasing the length of the PEEK 25 tube.

Figure 18: Comparing the time constant of the system using different substrate/tube
combinations. The fluidics are the substrate with each a different channel width and length.

The 143 has a width of 20 µm and length of 58.5 mm; the 82 has a width of 50 µm and length
of 87 mm; and the 708 has a width of 200 µm, a height of 100 µm and a length of 1879 mm.

The PEEK are the capillary tubes with an inner diameter of 65 µm or 25 µm and with a length
of 135 mm.

B Additional support to neglect the hydraulic capacitance
of the substrate

The hydraulic capacitance of a channel can be roughly estimated from equation 28 [48]. K is
the dilatability which can be approximated as the inverse of the Young modulus of the material
and V is the volume of the channel. The hydraulic capacitance of the substrate can be roughly
estimated to be around 7.8 ∗ 10−21 m3 Pa−1 which is around 4 orders of magnitude lower than
the expected hydraulic capacitance of the sensor. This suggest the hydraulic capacitance of
the channel is insignificant to the hydraulic capacitance of the whole system and thus can be
neglected.

C = K ∗ V (28)
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The membrane is made out of silicon, which has a larger Young’s modulus than Topas (110 GPa
> 2.60 GPa) but the membrane remains deformable thanks to its thickness [34; 41]. The thinnest
wall of the substrate is 7.4 ∗ 10−4 m thick which is 81 times larger than that of the membrane.
This difference in size supports the reasoning that the membrane has a much larger hydraulic
capacitance than the substrate even if the materials share similar hardness.

C Future steps to accomplish

• Finish evaluating the hydraulic capacitance of the sensor and solve the issue of the lack of
pressure measurement when the sensor is connected to the substrate.

• Modify the Arduino script to increase sampling frequency.

• Create a matlab script to read the sensor data with known sampling frequency and official
start time.

• Create a matlab script to run the sensor, the camera and the force sensor in synchronisation.

• With the higher sampling frequency, do a frequency analysis of potential vibrations of the
system.

• Modify the system to include any necessary vibration dampening components.

• Test the system with a three-way comparison: capillary pressure measured by the sensor,
image analysis and force sensor.

• If the system succeeds at measuring the capillary force, modify the substrate to accommo-
date tree frogs and modify the system to be able to change the orientation of the substrate.

D Verification of the hydraulic capacitance verification method

The method used to verify the hydraulic capacitance in section ?? can be proven by performing
the experiment with two differently sized capillary tubes. The time constant for each of the
capillary tubes can be determined through the experiment; the time constant of the larger tube
is used to determine a hydraulic capacitance using equation 29. The hydraulic capacitance should
not change in between experiments as long as air bubbles are not introduced in the system. The
calculated hydraulic capacitance can be used in conjunction with the time constant of the smaller
tube to calculate the ID of the smaller tube by using equation 30. If the experiment method is
valid, the calculated ID of the smaller tube should match the advertised and measured ID. In this
case, using a 500 µm ID to determine the capacitance results in a calculated ID of the smaller
tube of 287 µm, which is within an error of 12 %, see table 4. Using longer capillary tubes can
help increase the precision of the experiment if necessary, here both tubes were about 53 mm
long. This shows the method works and the issues are related to the total hydraulic capacitance
of the experiment.

C =
τlarge ∗ π ∗R4

large

8 ∗ v ∗ Llarge
(29)

Rsmall = 4

√
8 ∗ v ∗ Lsmall ∗ C

π ∗ τsmall
= 287 µm (30)
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Inner Diameter (µm)

Calculated 287
Advertised 254
Measured 248, see figure 19

Table 4: The inner diameter of the capillary tube determined in different ways.

Figure 19: The inner diameter of the capillary tube determined through a microscope.

E Air bubble effect on hydraulic capacitance

According to figure 20, the lower the hydraulic capacitance of a pressure sensor, the larger the
effect an air bubble will have on the total capacitance of the system. In this case, the initial
capacitance is in the range of 0.01 pL/Pa to 0.03 pL/Pa which means even an air to fluid volume
ratio of 10−4 or lower will greatly increase the total capacitance.

Figure 20: Effect of the presence of gas bubbles on the capacitance depending on the initial
capacitance of the sensor [32].
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F Vibrations additional details

Across the different experiments preformed during this thesis, it is clear that vibrations effect the
system, either through the fluidic medium or through the physical medium around the sensor.
During the time constant experiments, vibrations are measured by the sensor when opening and
closing the different valves, possibly due to certain dead volume present in these valves. The
vibrations were lessened by applying a damper on the valves, which was done by attaching the
valves to a heavy object as seen in figure 21. The difference in vibrations can be seen in figure
22.

Figure 21: Damper system added to the valves to reduce vibrations.

Figure 22: Data obtained without the damper system (left) and with the damper system
(right).
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Vibrations can also be seen directly on the system when moving the bracket the sensor is located
on. This may be due to the movement of the tube relative to the system and may be reduced
by taking harder tubes. This supports the potential issue of measuring vibrations through the
bracket if the bracket is made too tall without enough support.

Figure 23: Pressure measured when moving the bracket the sensor is located on.

G Proof of concept experiments additional details

Pixel measurements were preformed in order to calculate the expected pressure during the ad-
ditional support for the concept in section 5.4. The size of the bubble is measured in pixels,
see figure 24, which is converted to metrics using an in picture reference of known size as seen
in equation 31. The reference used is the dimension of the pressure sensor. The reference is 22
pixels long in the picture with a true length of 1.93 mm long [28]. The diameter of the liquid
drop is 17 pixels long which means the drop has a true diameter of 1.5 mm. The height of the
liquid drop is 12 pixels long which means the drop has a true height of 1.1 mm.

Objecttrue =
Objectpixel ∗Referencetrue

Referencepixel
(31)
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Figure 24: Pixel measurement of the liquid drop applied on the sensor

During the single drop on the pressure sensor to prove the working principle of the system in
section 5.4, different variations were performed. The variations include connecting a capillary
tube to the sensor, figure 25, presence of air bubbles in between the capillary tube and the sensor,
figure 26, and dead volume present in between the capillary tube and the sensor figure 27. The
capillary force is still being measured when a capillary tube is used, although the maximum
value is reached slower due to the increased time constant from the higher resistance of the tube.
When air bubbles are included, the systems reaction is much slower and when dead volume is
included, the system does not remain stable.

11 22 33

Figure 25: The data obtained when testing the capillary pressure measurement of a Sessile
drop on the capillary. Each of the three frames taken from the video is placed in the timeline to
determine the pressure measured by the sensor. The first frame is taken at the blue timestamp,

the second frame at the red timestamp and the third frame at the yellow timestamp.
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Figure 26: The data (bottom) obtained when testing the capillary pressure measurement of a
Sessile drop on the capillary which included air bubbles (top).

Figure 27: The data (bottom) obtained when testing the capillary pressure measurement of a
Sessile drop on the capillary which included significant dead volume (top).
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