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Abstract
This thesis is centred around the problem that heart failures become more common when other dis-
eases could be treated better. Although surgery could fix the immediate effects of heart failures, the
recovery after the surgery is hindered by the heart not being able to pump enough blood. There are
solutions available but they are not implemented due doing more harm then good to the heart. This
thesis will look into a way to aid the recovering heart by applying a compressional force to the outside
of the heart. Previous attempts on fixing this problem could not follow the motion of the heart close
enough due to the lack of actuation resolution, i.e. the local differentiation of the actuation applied to
the heart. This caused damage to the heart muscle, which in the end causes death due to too little
blood flow.
Due to lack of actuation resolution of the previous solutions, the focus of this thesis will be on the dis-
tribution of the actuation and not the actuation to the heart itself. A baseline for the requirements was
needed to make an informed decision about the different solutions to distribute the actuation. This was
done using a MatLab script. This gave the actuation characteristics of a compression of 20 percent with
a pressure of 20 [kPa] when a compression jacket of 5 [mm] thickness around the heart is used. The
relative high compression together with the pressure directed the solution for such an actuator towards
fluids.
Common fluid actuators that would have a high local differentiation in actuation require lots of pumps
or lots of valves, both of these options have as a downside that they take up to much space. That is
where smart fluids have an advantage by decreasing the size of a pump or a valve by including the
fluid in the active volume. Two of these smart fluids that seem promising are; Ferrofluids and magneto
rheological fluids. Ferrofluids are activated by a magnetic field and will cause a change in internal
pressure similar to how gravity affects internal pressure in a fluid. The only difference is that it could
be about four to five orders of magnitude stronger over small distances of about a tenth of a millimetre.
The magneto rheological fluid changes its viscosity in the direction perpendicular to the magnetic field
with the change being related to the strength of the applied field.
The thesis will discuss the use of Ferrofluids as an active fluid in a pump, and magneto rheological
fluids, MRF, as the active fluid in a valve. Ferrofluids are not feasible to be used as individual units
as they barely meet the requirements of 20 [kPa] of pressure with the flow rate needed to actuate the
jacket, without taking the fluidic losses of such a jacket into account. Whereas the MRF based valve
could achieve a pressure difference of 20 [kPa] over the valve, without being of the limits of the op-
erational value of the fluid. This is enough to have both a fully opened valve and a closed one using
the pressure needed from the requirements. Therefor the thesis recommends the further research into
implementing a full actuation system for a heart assist device using valves based on MRF.

v



vi Table of symbols

Table of symbols

Symbol description value unit
�̇� Heat flow
𝐶 , Thermal capacity of blood 3.4 [kJ/K/kg]
Δ𝑇 Temperature difference
𝑉∗ Average flow rate of blood 70 [mL/s]
𝜌 Density of blood 10 [kg/m ]
fint Internal volume force vector
𝜇 Permeability in vacuum 4 ⋅ 𝜋 ⋅ 10 [H/m]
𝑀 Saturation magnetisation of the ferrofluid
∇H Gradient of the magnetic field strength
Δ𝑃 Pressure drop in MRF caused by H-field
𝐶 Factor dependent on viscous friction 2-3 [-]
𝜎 Yield stress of an MRF
𝐿 Length
𝑃 Mechanical power output of ferrofluid pump
𝑑 Maximum thickness of the ferrofluid layer
Δ𝑝 Pressure difference
𝐴 Area
𝑡 Time of one stroke

𝑀(𝐻) Magnetisation of ferrofluid, dependent on H-field
𝐻 Maximum value of the H-field
𝐻 Minimum value of the H-field
𝑘 Geometry factor 48-96 [-]
𝜇 Kinematic friction
𝐷 Hydraulic diametre
𝜌 Density of the medium
𝑉 Average velocity of the medium
𝐻 Magnetic field strength [kA/m]
𝑡 Thickness of the coil
𝑤 Width
𝑗 Current density [A/m ]
𝑔 Gap size, height of the channel
Δ𝑃 Pressure drop due to viscous friction
𝜂 Kinematic friction
𝑄 Flow rate
𝑃 Electric heating power
𝐶 Current needed for threshold over total current
𝜌 Resistivity of copper

Table 1: List of symbols in order of appearance in the report
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1
Introduction

Heart failure is a major health problem in both Europe and North America, with a patient population in
2007 of 10 million and 5 million respectively [1]. The heart will be more likely to fail with higher age,
therefor due to an improvement in medicine, heart failures will become more frequent due to the in-
crease in life expectancy in developed countries [1] [2]. Although medicine has increased the likeliness
of success of the procedure to cure acute heart failure, the recovery after the surgery still have a relative
large change of failing, i.e. a high mortality rate [1] [3]. This is due to the heart muscle being weakened
after the surgery and thus having a lower ejection volume. This lower ejection volume of blood slows
down the recovery or even worsens the situation by weakening the heart muscle even more. Which
in the end leads to a heart that could not pump enough blood trough the body, which leads to death.
Research has shown that patients of acute heart failure that did not have the lower ejection volume
had lower mortality rates[3] [2].

Therefor a device is needed to keep the ejection volume, or the amount of blood per stroke at the
normal level. This could be achieved by compressing the heart with a device that contracts the circum-
ference of the heart. A device that performs this function and keeps the damage to the surrounding
tissue does not exist, due limitations of the current actuators that are proposed. These actuators would
damage the tissue too much due to the lack of fidelity. Therefor a new device is needed, this research
will focus on finding and exploring new actuation options for a novel heart assist device for an increase
in ejection volume of the left ventricle, while following the natural motion of the heart. Therefor a de-
vice is needed where individual segments of the actuator could be actuated to avoid pinch or pressure
points on the heart that could damage the muscle, while being able to support and aid in the natural
motion of the heart.
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2 1. Introduction

The heart assist will have to consist of distributed actuation due to the nature of the motion of the heart.
This distributed actuation could further be applied to aid the weak spots in the heart’s muscle. To find
the right actuator for the heart assist a set of requirements had to be devised in order to remove the
concepts that could not work from the ones that could. The concept for actuation and these require-
ments are addressed in the chapter 2. There are several ways to actuate an heart assist of which the
most promising seem fluidic actuation or electromagnetic actuation due to their high energy and power
densities. The proposed solutions that use these actuation types are patented but did not make it into
products or did not work good enough. Due to the promising power densities, this thesis will look into
a way of combining the two. Therefor the focus for this thesis will lie in smart magnetic fluids, i.e. fluids
that change properties under the application of magnetic fields. The fundamentals for these fluids be
looked at in the chapter 3, where actuators based on ferrofluids and magneto rheological fluids, or MR
fluids, will be compared to the requirements. The ferrofluid solution is based on the idea of miniaturis-
ing a pump to supply each segment with its own pump, this is addressed in chapter 4. However, the
ferrofluid based pump did not have a high enough power density and did not meet all the requirements.
The MR fluids were analysed further in the chapter 5, where the MR fluids were utilised to redistribute
the fluid flow from a single pump to several segments of the actuator. Each of this segments could have
a pressure differential with respect to the pump pressure, which is controllable with an electro magnet.
Therefor the problem statement is as follows:

”Could smart magnetic fluids provide a solution for creating localised actuation in a limited volume”

Bibliography
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2
Heart assist device:

as seen for the perspective of an mechanical engineer

A translation between a medical and a mechanical view is necessary, in order to get the requirements
for a heart assist device. Parameters that are useful in a medical field are not directly implementable
in a mechanical engineering project due to their use case. A mechanical parameter should relate to
the workings of the mechanism whereas the medical parameter should be directly measurable and
comparable to existing or historic parameters. There are three parts needed in order to estimate the
requirements; first themotion of the heart andmost important intrinsic parameters of the heart, secondly
the space available and the environmental constraints which were formed by means of an expert inter-
view at the Amsterdam UMC and lastly the force and displacement generated by the heart muscle in
actuation, which puts all the information from the previous sections into a script to build a computational
model of the heart.

2.1. General motion of the heart
The movement of the heart can be described with two distinct motions. One being the shrinking of the
radius of the heart and the other being a twisting motion. This is also seen in the direction of the muscle
fibres as depicted in figure 2.1. All the fibres align in multiple twisted figure-8’s where the two holes of
the 8 overlap in the longitudinal axis of the heart, and the w-direction in figure 2.1. The x is distributed
around the heart. Although both directions could be separated it is nice to think of them a one motion
due to the continues nature of the fibres.

Modelling techniques could be applied to get a mathematical description of the fibres [A2]. To take
into account that each heart is different, a medical ultrasound could be used to get the direction of
the fibres and thus the motion of an individual heart [A1]. A motion is something dynamic and thus
requires a time element. The heart rate is not the only parameter that determines the time it takes for
the muscles to contract. The compressing motion is performed in about 40% of the time of a heartbeat
with this fraction becoming slightly larger at higher heart rates. If the heart rate is 60 bpm the time in
which the motion would occur is 0.4 seconds [A3]. Although the heart rate could rise way above this
metric, it is quite a common value for the rest heart rate.

2.2. Expert interview
An interview was conducted at the Amsterdam UMC with two Anaesthesiologists after which multiples
heart surgeries were followed to get a real life view of everything that was discussed. The infromation
from this section is based on this visit and interview. The environment in the human body and in
particular around the human heart was discussed with both with the anaesthesiologists. Due to the
big differences per patient an general estimation was made to get a guide for the amount of space.
The heart could be approximated with a cylinder with an outer radius of 5 cm and a height of 5 cm.
This cylinder is capped at one end with half of a sphere again with a radius of 5 cm. The other end of
the cylinder is capped with a closed wall. In reality a heart will differ in shape and size, but this base
model will give a starting point with a quite average size and shape for the two ventricles of the heart.
Furthermore the space available on the outside is around 3 cm around the heart.
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4 2. Heart assist device:

Figure 2.1: direction of heart fibres differs across the thickness of the heart muscle. Adapted from [A1]

The environment outside the heart has a very consistent temperature of around 37 degrees Celsius,
but a lot of added heat could cause problems to functioning of the surrounding tissues. A quick way to
find how much heat could be dissipated, is to assume that the flowing blood take away the heat. With
a flow of around 70 mL per second (𝑉∗ ) and a thermal capacity of 3.4 kJ per Kelvin per kg (𝐶 , ).
With a density of around 1000 kg per cubic meter (𝜌 ).

�̇� = 𝐶 , ⋅ Δ𝑇 ⋅ 𝑉∗ ⋅ 𝜌

This gives a cooling capacity (�̇�) of around (3.4 ⋅ 10 ) ⋅ 1 ⋅ (70 ⋅ 10 ) ⋅ (1 ⋅ 10 ) = 2 ⋅ 10 Watts at a one
degree increase in temperature (Δ𝑇) of the blood, which is within the normal range. This assumes that
all the heat is absorbed by the blood flowing through the heart, which is implausible, but if 5 percent
of this value could be absorbed it is still about 10 Watts. Further research is needed to find the exact
value, but this value of 10 Watts is an educated guess.
An last point of concern is that the tissue could be inflamed when a shearing motion is applied to the
interface, therefor the interface between the heart and device has to be stationary with respect to the
heart. A suitable solution for fixing the actuating surface to the heart should be found but is outside the
scope of the research.

2.3. Computational model of the heart
A model of the heart is used to find the right force in the heart for different sizes of the heart. This
model consists of a set of equations to uses the force produced by the muscles to find the correspond-
ing blood pressure from which the flow rate is determined using the vascular resistance. This process
is done iterative due to the blood pressure changing when the heart is contracting. The maximum force
of the heart muscle varies quite a bit from person to person [A4]. Luckily the displacement is a lot more
consistent across different persons and will make the final range a lot smaller. The displacement has
an average maximum value of about 20 % shortening of the muscle [A3]. To avoid extensive hand
calculations, a simple MatLab script is written in order to make the values that could be measured in
a hospital comparable to values that are of interest for a mechanical engineer. With little adjustments
this script could even be used to test future solutions for feasibility in a back of the envelope manner.
For this rough estimation the heart is represented by a cylinder of muscle with a disk of blood in the
middle of the cylinder, this method of modelling could be called a computational phantom heart. Both
the wall thickness of the cylinder and the radius of the disk are parameters used for this equation. The
strength of the muscle is taken from medical research [A4].
To simplify the workings of the script; it uses the geometry parameters, i.e. wall thickness and radius,
to calculate the blood pressure at one moment. Secondly the blood pressure, as seen in figure 2.2, is
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used to calculate the flow that would be achieved by using the estimated resistance from the vascular
system. This flow is integrated of a small time step to get the new volume of the disk and therefor the
radius. Then the new blood pressure is calculated and the loop starts again, which is repeated until
the preset contraction of 20 percent is reached.

Figure 2.2: Blood pressure of the phantom heart at 7 cm length. The radius up to the muscle is at one axis and the other is the
thickness of the muscle. The pressure is in mmHg to have a better comparison to the medical parameters.

In the end the start and end volumes are subtracted to get the volume of one stroke. Together with the
time elapsed for one stoke the mean flow is calculated which could be seen for the 7 cm phantom in
figure 2.3. Both the pressure on the beginning and at the end are noted. Furthermore the end time in
the integration time steps is used to get the ‘heart’ rate seen in figure 2.4.

Figure 2.3: Average flow rate of the phantom heart at 7 cm length. The radius up to the muscle is at one axis and the other is
the thickness of the muscle.

A few simplification are made to get a useful result in the minimal amount of time, both in run-time of
the script and the modelling required to get closer to a real life situation, these simplifications will be
reviewed in the discussion. The data produced has three geometry parameters namely, wall thickness
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Figure 2.4: Heart rate of the phantom heart at 7 cm length. The radius up to the muscle is at one axis and the other is the
thickness of the muscle.

of the muscle, the radius to the muscle and the total height of the cylinder. The figures are composed of
one slice of that data taken from the data cube, to avoid clutter, this is done at a value of 7 centimetres
for the height of the cylinder.
A constant force in the muscle fibres was used to calculate the blood flow that induced by this contrac-
tion. If the 20 percent contraction was not reached at 60 beats per minute, the values were marked
and an additional force in the form of a compressing ring around the heart was added. The pressure
needed in that ring is seen in figure 2.5. For now the heart rate was chosen as the targeting parameter
but this could be changed in future revisions.

Figure 2.5: If the maximum contraction was not reached a extra force was calculated for the phantom heart at 7 cm length. This
force is modelled as a compressive pressure at the outside of the muscle along the entire height of the phantom and with a
thickness of 5 mm. The radius up to the muscle is at one axis and the other is the thickness of the muscle.
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2.4. Summary
In order to aid the heart, the natural motion should be followed. This could be identified and modelled
using 3D medical ultrasound and numerous model techniques. For the full motion of the heart, a
compression in the muscle of about 20 percent is needed. Depending on the the shape and size of
the heart and the force a heart can still deliver, the additional force needed can vary over multiple
magnitudes. If an average sized heart is taken into consideration with about 70 percent of the regular
force needed to actuate the heart in rest, the additional pressure needed to compress the heart, with a
5 mm thick actuating shell, is about 20 kPa. All the components of such a system should be fitted into
the chest to avoid openings in the body. If the produced heat stays under 10 Watts, it is likely that no
further cooling is required.

2.5. Discussion
The most significant simplifications are the shape of the modelled object, the exclusion of direction of
the fibres, and the use of a simplified model of the vascular system that directly and linearly relates the
pressure to a certain flow rate. With the need for a more elaborate model, these simplifications could
be addressed with ease.
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3
The feasibility of smart magnetic fluids in

a hydraulic actuator

Abstract
This paper will discuss potential actuating principles for a distributed surface actuator. Fluidic actuators
likeMcKibbenmuscles are already used inmedical application where a positive pressure has to cause a
contraction like a muscle. These actuators have the big downside that the complexity, and thus the total
size, goes up when multiple of these sectioned actuators would be used to create a distributed surface
actuator. To avoid this smart magnetic fluids could simplify the total system by providing a solution of
an individual pump per segment with ferrofluids or a variable valve using magnetorheological fluids.

3.1. Introduction
An expert interview, with anaesthesiologists from the Amsterdam UMC, revealed the need for an dis-
tributed surface actuator to aid the heart muscle. Another application in the same field could be to
aid the digestive track. This paper will focus on the exploration of different actuation techniques that
meet the requirements that are set in the paper in chapter 2. At this moment most actuation is done
by actuators in bulk, i.e. each motion is performed with a fixed set of actuators. Actuation in bulk has
different drawbacks including size and the lack of local differentiation of the actuation. There are multi-
ple ways of overcoming this drawback, for example, use smaller novel actuators or use an extra layer
to distribute the actuation. Both have their advantages and disadvantages. Both have the advantage
above the bulk actuation of the local actuation due to the increase in fidelity.

This research will focus on the technical aspects of a potential actuator to be used in a distributed
surface actuator. Primarily the type of actuation that would be suited for such an application. As
mentioned earlier the compliant distributed surface actuation is missing in current concepts in aiding the
heart muscle in the human body. Where the compliant part refers to the need for the device to be formed
to the environment while maintaining its functionality. The differentiation of local deformation according
to the current situation is covered by the distribution part. The research will therefor put its focus on one
of the strongest complex organs in the human body; the heart. This will be taken as the benchmark to
set the bar high and secondly the heart combines the compliant and distributed part in great extend.
With the requirements detailed in the paper in chapter 2, together with the goal of the research will
guide the search through literature towards Variable mechanical Impedance Actuators [B1] or in short
VIA. The need for compliance pushes the research towards fluids, a very comprehensible review by
Hines et al. [B2] gives a welcome overview about a big portion of the existing actuation techniques.
Current solutions will mostly be focused on fluid actuation with compliant McKibben muscles or similar
fluid actuators [B3] [B4]. The VIA will give the foundation to start the search in the literature and will be
discussed in section 3.2. A big drawback these fluid actuators share is the need for external devices,

9



10 3. The feasibility of smart magnetic fluids in a hydraulic actuator

such as valves and pumps, which becomes a large problem if a surface of these actuators is needed
and with every increase in linear resolution, the need for more valves or pumps scales quadratic. With
the overview in mind there are two solutions that seem promising to solve the problem by reducing the
parts needed;

• Ferrofluids as a pump where current is related to the pressure created by the pump and thus
removing the need for valves. This solution will be discussed in section 3.3.

• Magneto rheological fluids as a pressure reducing valve and thus creating a small footprint valve
that directly links current to a pressure drop. Amore detailed explanation could be found in section
3.4.

3.2. Variable impedance actuators
As the field of robotics and mechanisms evolves there are new possibilities for the construction of
mechanisms. One of these possibilities lies in the mimicking of biological mechanisms where the
actuator is intertwined with the support structure and sensing. Although sensing is outside the scope
of this research, it will be important to be looked into in future work. The need for the combination of
structure and actuation is, if it is put it very black and white, because humans or biological creatures
are soft and can change the way they respond as a system to the environment, robots or mechanisms
are hard and or not capable of change. Therefor if the same flexibility to a changing environment is
needed, without over-designing a system, the functions of actuators and support structure should be
combined. To capture this in a single term, actuators with ‘variable mechanical impedance’ are one
of the solutions for the lack of flexibility in current mechanisms. In this way of seeing actuators, the
mechanical impedance refers to the stiffness and damping of a system.

State of the Art
In the state of the art we see many systems that are capable of changing the impedance of the system,
but they are not compliant. The changes of the system are mostly focused on the actuator and specif-
ically on the compliance of the actuation, or in other words the systems has a build in conservative
energy storage. The systems use solutions that do not scale down easily therefore these systems are
generally bulky and thus not the type of systems that are needed in the human body. Some systems
are focused of the change in damping force, or systems that could dissipate energy out of the system
[B5][B1]. This seems less useful because energy will be lost. This type of systems still be useful be-
cause the effects scale down quite well and thus will produce smaller actuator systems. Although in
this category there are systems whose characteristics are in the right direction for actuation inside the
human body, for example fluid dampers and plastic deformation dampers, there still is the need for an
external individual actuation systems which makes both not viable. To be more specific, fluid dampers
need a valve to control the damping and the plastic deformation dampers need an secondary systems
to ‘reset’ the deformation in order to use it consistently. Both of those external actuators will make the
total system bigger and with more non-compliant parts.

Towards distribution
To achieve a more distributed actuator that what is done in the state of the art, the scope was set on
magnetic fluids, to combine the compliance of the fluids and the ’in-situ’ changes of the system with the
relative ease of a change in magnetic field. From the overview of different actuation types [B2] and the
requirements, from my paper in chapter 4, two potential candidate arise namely Ferrofluids, in short
FF, and Magneto-Rheologial Fluids, or MRF. Their electric counterparts will not be considered due to
the high electric potential not being suitable inside the human body. Ferrofluids will be discussed in
more detail in a separate paper in chapter 4. The MRF will be reviewed in the section 3.4 due to the
interesting property regarding their change in viscosity with a magnetic field applied. Both fluids have
the ability to be adjusted locally and thus making a more distributed actuator possible. The two fluids
represent would have a different way of achieving the distributing of the actuation. For the ferrofluid this
is more linked to the change in pressure and thus the stiffness of the actuator. It could be envisioned
as a pump that could drive each individual segment of a distributed surface actuator. If the MR fluid is
guided through a channel to which a magnetic field could be applied it is a drop in replacement for a
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valve. A pressure drop could be produced in a channel by the local change in viscosity induced by the
magnetic field.

3.3. Ferrofluids
The ferrofluids could change the internal fluid pressure, simular to how gravity increases pressure in a
fluid [B6]. The difference between the two, is that with gravity, the pressure distribution will follow the
gravitational field and with the effect in ferrofluid will act along the magnetic field lines. The control over
the internal pressure would be very beneficial for an actuator that has to change its impedance, due to
the pressure being linked to the stiffness of the fluid in a actuator.

State of the art
At this moment there are multiple uses for ferrofluids, one of these is the use as a fluid bearing [B7].
Another use is an actuator, because the ferrofluids increase the local fluid pressure it could be used to
move objects [B8] [B9], which could also be the ferrofuid itself as shown in a atmospheric disturbance
correcting mirror [B10]. These examples also show one of the downsides of ferrofluids as an actuator;
the stroke that could be achieved is relatively low, in the order of millimetres.

Simulations
In a simulation there is seen that the pressure close to the magnetic source is high and quite usable, if
the distance is further from the magnetic source, the effect is not very usable because the forces would
be lower than could be achieved with other means, as seen in paper in chapter 4. The same effect
could be seen in ferrofluid seals [B2]. In other words the energy density of the actuator gets lower if the
stroke needs to be bigger, this could be solved by keeping the stroke low and the actuator bigger by
area perpendicular to the stroke. This is limited by the volume needed in order to generate and guide
the magnetic field, i.e. when the area is larger the volume needed to provide a large enough magnetic
field increases too.

Internal Ferrofluid pressure The force of the ferrofluid is an internal one, the particles are pulled
together by the individual magnetic domains that are aligned to the magnetic field lines. The higher the
absolute value of the magnetic field, the higher the internal force which results into a pressure. The
internal volume force could be calculated by [B6]:

fint = 𝜇 ⋅ 𝑀 ⋅ ∇H (3.1)

Where fint is the vector of the internal volume force, 𝜇 is the permeability of vacuum, 𝑀 is the
saturation value of the magnetisation of the used ferrofluid, and lastly ∇H is the vector of the slope of
the magnetic field. The magnetisation of the ferrofluid is dependent of the magnitude of the magnetic
field, for the high fields that are required for a usable pressure for an actuator, the bulk of the fluid is in
saturation.

Maximum realistic pressure In Ferrofluid seals the pressure in the fluid could reach 1 to 2 bar
depending on the fluid and the magnetic circuit [B7] [B11] [B6]. For an actuator this is about one order
of magnitude lower, as seen in the paper in chapter 4. Although it is possible to get closer to the
pressure of the FF seal, this is only in a more theoretical case with little to no losses. If a more sensible
estimation would be that the pressure reached is about 0.1 [bar]. This is close to the 0.2 [bar] from the
requirements taken from my own paper in chapter 4.

Power density An actuator is characterised by many parameters, but if it is designed for an enclosed
space, the energy density is one of the most important. The FF actuators seem promising with a
relatively high pressure, this is, however, paired with a relatively low stroke. All of the aforementioned
parameters are compared with a biological muscle. The parameter that helps the FF actuator is that it
is fast. A rough estimation puts the power density in the neighbourhood of 1 Watt per litre as seen in
the paper in chapter 4. To give this perspective, a heart in rest has an output power of about 1 Watt
[B12].
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Conclusion and recommendations
Ferrofluids seem promising to be used as actuating fluids. A usable pressure could be achieved, but
when losses are included this might not, or might just be enough to support a heart in rest depending on
the level of support needed. Therefor no further research is done regarding the losses in a ferrofluidic
actuator. A ferrofluidic actuator would make sense in a situation where the magnetic circuit is already
there, for example active balancing of a rotor in a electric motor, or if the ferrofluid is used as a bearing
and a small adjustments to the height are needed, e.g. in a sliding platform for a microscope.

3.4. Magnetorheological Fluids
An magnetorheological fluid, or MR fluid, is carrier fluid, mostly oil based, with ferromagnetic particles
suspended in the fluid. These particles are between 0.1 to 10 micron. Although fluids exist with bigger
and smaller particles, this range is the most used because the bigger particles will settle more easy and
the smaller particles will not have the wanted characteristics and will behave more like a ferrofluid [B13].
This section will focus on the working principle of the MR fluid and on the more practical application
that have been already used. The word actuator is used in a more general sense of the word where
it is more comparable to an transducer that will convert one kind of energy to another energy and vice
versa. Therefor dampers are considered as actuators because they will convert mechanical energy
into heat energy.

MR fluid is activated by an applied magnetic field where the iron particles align to this field. In this
process, chains of iron particles will be formed that will increase viscosity. When the magnetic field is
strong enough, the fluid can go to a gel like state and thus behave like a solid. The iron particles could
be coated in a lipophilic coating to keep them from settling under gravity due to their higher density
[B14]. Another solution is to use a filler to have a pseudo-structure in the fluid, a potential candidate
could be fumed silica as shown by [B15]. This process of the change in viscosity could be seen in figure
3.1, where the bigger grey particles represent the iron and the smaller blue ones the fumed silica filler.

Figure 3.1: Chain forming of iron particles in a MR fluid under applied magnetic field. The field is applied in the vertical direction
and due to the chain forming the flow is blocked in the horizontal direction. The bigger grey dots represent the iron particles and
the smaller blue dots the filler. Adapted from [B14].

State of the art
MR behaviour categorisation
In this subsection the working principle of the MR fluid is the central theme. There are multiple models
to describe the behaviour of the MR fluid, both macroscopic and microscopic, because of the size of the
application in mind only themacroscopic models are taken into account. Themicroscopic models would
be too computational intensive for a centimetre scale actuator, without a big increase in the accuracy
of the model. The macroscopic models for the fluid are build with the microscopic behaviour in mind.
Therefor all the assumptions in these models shine though as small errors in the macroscopic models.
For an overview of the different domains a Pipkin diagram of ER fluid is used as seen in figure 3.2.
The rheological behaviour of the MR fluid is similar as ER fluid [B2][B16]. The four regions are bound
by a set of arbitrary chosen limits due to the continuous nature of the different models. For example
the viscoplastic model will be equal to the Newtonian model if the frequency or the strain amplitude is
large enough. Therefor the limit at boundary ”c” is set by the authors of [B16] as if the added viscosity
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due to the electric field, is within 10 % of the viscosity that it would have without the electric field, the
Newtonian model could be used. For the limit between the linear and non linear viscoelastic model,
boundary ”a”, it is set that the shear stress of the first harmonic is contributing the largest to the total
shear stress or specifically for this figure 90 % of the total. Boundary ”b” is defined as the limit where
the the elastic forces are just 10 % of the total and thus the plastic or viscous part is dominant. The
goal for these flow regimes is to get a approximate idea for the different models and when to use them.
In the following paragraphs the different models will be described in more detail and their relation to the
MR fluid. The Newtonian model will not be discussed due to the limited applicability for the intended
purpose for the MR fluid in this research, i.e. the effect of the added viscosity is not predominant in this
region and thus not useful.

Figure 3.2: A Pipkin diagram of ER fluid, the different rheological behaviours are seen in this diagram. The y axis is the strain
amplitude and the x axis is the normalised and dimensionless frequency. Due to the simularities between MR fluid and ER fluid,
the same rheological behaviours are seen in MRF. Adapted from [B16]

Viscoplastic behaviour This behaviour could be described as a Bingham fluid with variable yield
stress as seen in figure 3.3, this model is easy to implement and will give a relatively accurate prediction
of the pressure drop in a fluid. This model is used in the next section, where it is implemented in
MatLab, to get an estimate of the pressure drops and power usage. The Bingham model is a variation
on the Newtonian fluid model, where a constant shear stress is added. For the MRF this shear stress
is variable and dependent on the magnetic field strength. The Herschel-Buckley model is also seen
figure 3.3, this model could, according to [B2] and [B16], be a better fit to describe the behaviour of
a MRF. For the purpose of getting an estimate of the pressure drop a Bingham model is better suited
due to the fact that some parameters of the MR fluid should be experimentally acquired to get a valid
Herschel-Buckley model. For the Bingham plastic model these parameters are known.
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Figure 3.3: Different fluid models taken from [B17]
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Figure 3.4: Yield strain versus magnetic field strength for the fluid MRF-122EG from [B19]

Other rheological behaviours As seen in the figure 3.2, under small amplitudes and small frequen-
cies the MR fluid will behave with a linear viscoelastic response, i.e. the fluid will store part of the work
applied to the fluid and the rest will be dissipated as if it was a pure fluid. When the frequency increases
the stored part will be negligible to the dissipated part and thus a Newtonian model could be used. If
the strain amplitude crosses the first critical boundary, noted by ’a’ in the figure. Non-linear effects
will dominate the stress strain relation, to model these behaviours would take a complete frequency,
stress and strain sweep to characterise this behaviour. This will result in a complex model, both in
characterisation and parameters, therefor the strain should be big enough to avoid this region and thus
this complex behaviour.

Pressure drop estimation
The pressure drop over an actuator could be estimated using a simple formula from [B18]:

Δ𝑃 = 𝐶 ⋅ 𝜎 ⋅ 𝐿
𝑔 (3.2)

Where the pressure drop due to the application of the magnetic field, Δ𝑃 , is related to a factor 𝐶, which
is dependent on the difference between the viscous pressure and the pressure drop due to magnetic
field. This difference is therefor dependent of the flow speed, but does not vary much, between 2 and
3. 𝐿 is the length of the valve and 𝑔 the height or gap of the flow channel, as long as the magnetic
field is constant across the width of the valve it does not matter how wide it is. Further more 𝜎 is a
value that is proportional to the magnetic field strength and dependent on the fluid. For relatively low
fields, until 50 or even 100 [kA/m], a linear relation could be assumed for some commercial available
MR fluids. This linear part could be seen in the figure 3.4, and could be expressed as 𝜎 = . ⋅ 𝐻 for
the MRF-122EG fluid from LORD [B19].

With the reference geometry of figure 3.5, formula 3.2 is then used to estimate the pressure drop.
With a length 𝐿 of 1 [cm] and a gap 𝑔 of 0.2 [cm] and a field strength 𝐻 of 10 [kA/m], which would result
in a yield stress of 2.15 [kPa], the pressure drop will result in:

Δ𝑃 = 2 ⋅ 2.15 ⋅ 0.01
0.002 = 21.5 [kPa]
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Figure 3.5: Reference geometry adapted from [B18]

Results and discussion
Even with a relatively low field and an fluid with a lower iron content by weight, and thus producing a
lower reaction to the magnetic field an proportional valve should be possible with maximum blocking
pressure of about 20 [kPa]. A electro magnet could be used to produce this field in the gap and thus
make the valve proportional to the applied current. The viscous losses are not yet taken into account
and should be calculated or simulated. The bingham model on which this calculation is based does
not reflect the behaviour of the fluid perfectly, although for a rough estimation this is not a problem.
A potential candidate for a better describing model of the behaviour is the Herschel-Buckley model,
because it follows the behaviour of the MRF more closely. This is needed when the valve is controlled
by a control system in a total system.

3.5. Conclusions
Both smart magnetic fluids, the MR fluid and the Ferrofluid, show potential to be used as an active fluid
to control or actuate mechatronic systems.
For the application in mind the Ferrofluid is not suitable, because it barely meets the requirements
without the losses taken into account. This is not to say that it could not be useful in other applications.
The paper in chapter 4 will go into more detail about the operation range for a cm scale pump. To
summarise the pump is estimated achieve a pressure of about 0.1 [bar] at a flow rate of 10 [mL/s] for
a 4 [cm] by 2 [cm] by 1 [cm] at the theoretical operation limit of 100 [Hz].
A MRF based valve show even more potential by exceeding the requirements without operating at the
theoretical limits. The valve would be able to produce a blocking pressure of about 20 [kPa] when a
field of 10 [kA/m] is applied in a 1 [cm] long and 2 [mm] high flow channel. The width of the valve does
not influence the performance of the valve as long as the field could be applied in a constant manner
across the flow channel. Although there is the need for a single external pump, all the actuation could
be split and controlled using the multiple MRF based valves. A more detailed estimation of the valve
unit will be discussed in the paper in chapter 5
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4
The design principles and feasibility

study of a Ferrofluid pump

Abstract
In this paper the feasibility of a novel pump based on ferrofluids is presented. Ferrofluids are used in
many application ranging from seals, to valves, to positioning stages. With this study the possibility of
a centimetre scale ferrofluid based pump is explored. With calculations and simulations the limits of
such a pump are being found within the current specifications of existing ferrofluids. The pump should
be able to work at a frequency of 100 [Hz] to displace 10 [mL/s] at 0.1 [bar], this includes an estimation
for the viscous friction and an estimation for the magnetic field losses..

4.1. Introduction
Hydraulic actuators are great for actuating, the force density is high combined with an almost unlimited
stroke. They do have one big short coming and that is the downscaling. Although the actuators scale
fine down to centimetre level, the external devices needed, like valves and pumps do not, definitely if
high fidelity is required, in this case more levels than just opened or closed. The high fidelity is com-
parable to audio, due to the discretisation of music the quality degraded or from a different perspective
an error with regard of the original signal is formed. The higher the fidelity, i.e. the smaller the discreti-
sation step, the better the analogue signal is represented. The same holds true for surface actuation,
where the actuation of the surface should follow an predefined path. The different parts of the surface
are discretised and thus the parallel between the audio and this actuation could be drawn. When fidelity
is high the discretisation of the actuation follows the required path with less error. This would mean
many small pumps or many valves in order to get to this high fidelity. Not only a high discretisation
count is part of the high fidelity also the different levels between on and off. For valves this is on or off,
while pumps could be controlled to a certain level, but the control is not direct due to the transfer from
electrical to mechanical to another form of mechanical (fluid) energy. To increase the fidelity, multiple
smaller pumping units should be used with a direct control of pressure by in this case electricity. This
could be achieved with Ferrofluids, due to their ability to change the internal pressure in the presence
of a magnetic field. This research will focus on the design principles and feasibility of such an actuator
or pump unit.

4.2. Background
Ferrofluid are used in different fields due to their ability to react to a magnetic field while staying liq-
uid. A few applications are deformable mirrors [C1], Ferrofluid seals [C2] [C3], micropumps [C4] and
microvalves [C5], positioning stages [C6], magnetic field sensors [C7], a tactile display [C8] and many
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more [C9]. The existing design for different ferrofluid actuators can be divided into 2 main categories
with multiple sub categories.

• Direct drive ferrofluid actuators, where the ferrofluid is used to actuate, i.e. a sort of pump. [C4]
[C5] [C10] [C11] [C12] [C13] [C14] [C15] [C16] [C17] [C18] [C19] [C20]

• Indirect drive ferrofluid actuators, where the ferrofluid is used to push a non-ferrous material out
of the way. [C6] [C21] [C22] [C23] [C24] [C25] [C26] [C27] [C28]

An indirect drive ferrofluid actuator could be described as a direct drive actuator with a mechanical
“link”. Such a link could be a piston that is pushed out of the way by the ferrofluid, or another fluid or
a membrane. Due to this reasoning the direct drive ferrofluid actuators are a good starting point, to
develop a new actuator. If the overview is expanded to also include non-actuating ferrofluid applications
such as bearings and seals, there is seen what kind of design has the most promising signs for a high
power density, large stroke, small design. There is seen that with a small stroke the power density is
quite high, a stroke of in the order of 0.1 mm with a pressure of in the order of 0.1 bar, this could be
achieved in about 10 milliseconds [C29] [C30]. This will give a power of for 2 by 0.5 [cm ] of area:

𝑃 = 𝑑 ⋅ Δ𝑝 ⋅ 𝐴
𝑡 = (0.1 ⋅ 10 ) ⋅ (1 ⋅ 10 ) ⋅ (1 ⋅ 10 ))

(10 ⋅ 10 ) = 0.01 Watt

The space needed for the Ferrofluid is about 1 cubic centimetre, the coils needed to generate the
magnetic field will take up about 2 cubic centimetre plus another cubic centimetre for the magnetic
circuit and another 4 cubic centimetre to reduce magnetic losses, the whole system would take up
about 8 cubic centimetre within a 1 [cm] by 4 [cm] by 2 [cm] enclosed volume. This would result in a
theoretical actuator with a power density of

𝑃 = 0.01
8 ⋅ 10 = 1250 [𝑊/𝑚 ]

or 800 mL per W. However this is excluding the losses in the system, although it also excludes op-
timisations to the actuator. Most important losses include magnetic losses, which would result in a
decrease in both pressure and stroke and the fluid resistance.

4.3. Methodology
The internal pressure of the Ferrofluid depends on the magnetic field and the magnetisation of the
ferrofluid. In a simplified formula:

Δ𝑝 = 𝜇 ⋅ 𝑀(𝐻) ⋅ (𝐻 − 𝐻 ) (4.1)

Where the magnetisation M is linear dependent on the magnetic field H until the magnetisation satu-
ration, which is a property of the dependent on the type of Ferrofluid. In the case where the magnetic
field is high enough, i.e. close to the magnetic source and with high fields then the internal pressure is
linear dependent on the magnetic field and thus its losses. This also applies for the stroke, because
it is linear dependent to the pressure, therefor the power is quadratic dependent on the losses in the
magnetic field. For example a 20 percent loss in magnetic field gives a 36 percent loss in power.

A SolidWorks model is used to have a graphical representation of the geometry used for the calcu-
lation, this is seen in figure 4.1. The model will be stackable in the flow direction. Each module consists
of two coils on both side of the flow channel if the flow direction is viewed out of the screen. The top
and bottom consist of a steel circuit to guide the magnetic field in a direction perpendicular to the flow
channel.

The pressure loss due to viscous friction is about linear dependent on both the length of the actuator
and the length of the average velocity of the fluid. This relation could be used because the fluid will
remain in the laminar regime, i.e. the Reynolds number will be well below 2300. If some common
values are used to get a feel for the friction there is seen that the friction could be a few percent of the
pressure and thus a few percent of the power, to restricting the flow in such a way that the power drops
to only a few percent of the theoretical maximum due to a restriction in flow rate and pressure.

Δ𝑝 = 𝑘 ⋅ 𝜇 ⋅ 𝐿
2 ⋅ (𝐷 ) ⋅ 𝑉 (4.2)



4.3. Methodology 21

Figure 4.1: SolidWorks render of the pump design with 10 modules

Where k is a factor depending on the shape of the channel, it could vary between 48 and 96, where
48 is a square channel and 96 an infinite wide channel for a channel that is 5 times as wide as it is
high this factor is about 75. 𝜇 is the dynamic viscosity ranging from of about 0.001 [Pa⋅ s] if water is
used as the pumped fluid to 0.1 to 10 [Pa⋅ s] if oil is used. L is the length that the fluid has to travel
in the actuator, which should be about 10 [cm], which is about 20 actuators coupled together. 𝐷 is
the hydraulic diameter, which is defined as 4 times the area over the perimeter of the channel. This is
about 𝐷 = ⋅ . ⋅ .

. = 0.36 ⋅ 10 [𝑚] for the test channel.

𝑅𝑒 = 𝐷 ⋅ 𝜌 ⋅ 𝑉
𝜇 (4.3)

𝑅𝑒 = 𝐷 ⋅ 𝜌 ⋅ 𝑉
𝜇 = 0.36 ⋅ 10 ⋅ 1000 ⋅ 2.5

0.001 = 9000

This would mean that in the test channel the water would be turbulent and thus it would not be the
right choice due to the high surface roughness of the channel. This could however be tuned with an
additive such as sugar to increase dynamic viscosity. This could change the viscosity by a factor 100
this would change the flow regime from turbulent to laminar. If water with sugar is not desirable it could
be changed to a low viscosity oil, which could increase viscous friction by a factor 10 or more.

𝑅𝑒 = 𝐷 ⋅ 𝜌 ⋅ 𝑉
𝜇 = 0.36 ⋅ 10 ⋅ 700 ⋅ 2.5

0.1 = 63

𝑅𝑒 = 𝐷 ⋅ 𝜌 ⋅ 𝑉
𝜇 = 0.36 ⋅ 10 ) ⋅ 1170 ⋅ 2.5

0.0062 = 1.7 ⋅ 10

For a weight percent of about 40% of sugar (sucrose) solution the viscosity is increased [C31] [C32]
and it decreased the Reynolds number under the 2300 and thus the flow regime changes to laminar.
This is just a quick verification to give an idea of the flow regime. The viscosity could be tuned to meet
the specific need by increasing or decreasing the sugar dissolved by reducing the weight percent to
20% the viscosity decreases to 2 [mPa⋅ s], if it is increased to 60% the viscosity increases to 60 [mPa⋅
s]. Therefor even with minor design changes the flow regime could be kept laminar. The pressure drop
for the water solution is about:

Δ𝑝 = 𝑘 ⋅ 𝜇 ⋅ 𝐿
2 ⋅ (𝐷 ) ⋅ 𝑉 = 75 ⋅ 0.0062 ⋅ 0.1

2 ⋅ (0.36 ⋅ 10 ) ⋅ 2.5 = 4.5 ⋅ 10 [𝑃𝑎]
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Δ𝑝 = 𝑘 ⋅ 𝜇 ⋅ 𝐿
2 ⋅ (𝐷 ) ⋅ 𝑉 = 75 ⋅ 0.1 ⋅ 0.1

2 ⋅ (0.36 ⋅ 10 ) ⋅ 2.5 = 2.9 ⋅ 10 [𝑃𝑎]

The pressure drop is about 4.5 percent of the of the total available pressure for the water and sugar.
For the oil variant it would be around 29 percent of the total available pressure, thus it reduces the
efficiency of the actuator.
The magnetic field is calculated using COMSOL 5.3 in two steps; first the magnetic flux density of the
coil is calculated, see figure 4.2. Then this value is average over the core of the coil. The second
step is to use this value in the second simulation to calculate the magnetic field inside of the actuator.
By splitting this calculation in two steps it is possible to optimize the problem in less computational
time. The values used to calculate the magnetic flux in the coil are taken at the absolute limit of what
is possible and should therefor be taken as the maximum values that could be achieved by such an
actuator. The values used in the introduction of this paper are more reasonable operating limits and
thus performance. In figure 4.3 the maximum magnetic field created inside the actuator is seen. With
the formula from section background the pressure could be calculated:

Δ𝑝 = 𝜇 ⋅ 𝑀(𝐻) ⋅ (𝐻 − 𝐻 ) = 1.256 ⋅ 10 ⋅ (5.2 ⋅ 10 ) ⋅ (6.4 ⋅ 10 ) = 4.2 ⋅ 10 [𝑃𝑎]

The value for magnetic saturation is taken from the EFH3 fluid as it is a well-established and high
magnetic saturation ferrofluid.

Figure 4.2: COMSOL simulation of the coil around a core

4.4. Results
In the best circumstance a very high pressure could be achieved when the right fluid and the maximum
available power is used, which would result in a power density orders of magnitude lower than compa-
rable pneumatic or hydraulic system. That is if the two systems are compared for a single actuator, if a
complex system is used, the volume needed for the external part for a hydraulic or pneumatic system
are would increase due to the minimum size of these parts. This is where the ferrofluid system is oper-
ating at its best, due to the modular design and the lack for the need of any external parts. A maximum
pressure of 0.42 bar is achievable but not for a longer sustained period due to heating issues of the
coil, at more efficient operating limits at a frequency of around 100 Hz, the pressure is around 0.15 bar
where 0.05 bar is lost due to viscous friction in the pumped fluid. Which leaves 0.1 bar with a fluid flow
of 10 mL/s per element at 100 Hz for this design.
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Figure 4.3: COMSOL simulation of the FerroFluid front at maximum usable value of magnetic field of . ⋅ [A/m]

4.5. Discussion
Further optimisation could be performed to increase the field strength, decrease the fluidic loss. With
multiple modules connected a more peristaltic motion could be achieved, this might be an interesting
option to increase performance. It would be interesting to model both the fluid and the magnetic physics
in one simulation to get an idea, due to time constraints this was not possible in this research. This
simulation could give more insight in all the losses in the system as described in the section x.
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5
The feasibility of valve using a

magnetorheological fluid as an active
medium

Abstract
In this paper magnetorheological fluids will be considered to be used in a channel with a magnetic
field applied to it in order have a pressure drop in the channel that is proportional to the magnetic field
intensity. This forms the basis for a proportional valve to current with the magnetic field being generated
by a coil. The geometry for the valve in this paper is 2 [cm] long, 1 [cm] wide and has the least fluid
resistance, a pressure drop of 300 [Pa], while meeting the target pressure drop of 20 [kPa] when the
magnetic field is applied, when the height of the channel is 7.6 [mm].

5.1. Introduction
There are many uses of MR fluids in dampers [D1], clutches and brakes [D2]. In these kinds of appli-
cations the change in viscosity of MR fluid is used to tune the dampening or transfer the force in the
clutches and brakes. When a electromagnet is used in a damper, the dampening is proportional to the
current in the coil of the electromagnet. Therefor when the velocity of the fluid is controlled the current
is proportional to the current as if it was a valve. To get a rough idea if such a valve would be able to
handle about 20 [kPa] of pressure in a small form factor, a MatLab script is used to get an estimate of
the performance.

MR Fluids as a smart fluid
This script is based on the reference geometry in figure 5.1. The values for this geometry used to
calculated the pressure drops with the script are listed in the table 5.1.

𝐿 = 2 [cm]
𝑤 = 1 [cm]
𝑔 = 0.1-10 [mm]
𝑄 = 55 [mL/s]

Table 5.1: The flow rate and values used to define the geometry, the gap, , is variable and used to produce the graphs for this
section
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Figure 5.1: Reference geometry for the script, adapted from [D3]

Figure 5.2: Yield strain for different magnetic fields strengths from [D5]

For the script there are five main equations:

𝐻 = 𝑡 ⋅ 𝑤 ⋅ 𝑗
(𝑤 ⋅ (𝑔) )

(5.1)

The first equation is a modified version taken from the course [D4]. Due to the addition of a core the
𝜇 will be replaced with 𝜇 ⋅ 𝜇 . Instead of the B field which is used in the equation in these slides it
is modified to the H field by dividing both sides by 𝜇 ⋅ 𝜇 . Furthermore the current multiplied with the
amount of turns is replace by the current density, 𝑗, and the cross section of the coil, 𝑡 ⋅𝑤. This is done
to have better control over the maximum current density in the coil. 𝑡 is the thickness of the coil and
𝑤 is the width or diameter of the coil. 𝑔 is the gap between the coils.

𝜎 = 36.3 ⋅ (1 − 𝑒 / ) ⋅ 1000 (5.2)
This equation is a fitted curve based on figure 5.2. The information is based on the MRF-122EG from
LORD, a company that produces MR fluids [D5].

Δ𝑃 = 𝐶 ⋅ 𝜎 ⋅ 𝐿
𝑔 (5.3)
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Figure 5.3: MatLab generated figure of the curve fitted equation of the figure 5.2 for the yield stress in the MRF. Note that the
curves are similar except for the high fields, which are not used in the script.

Δ𝑃 = 12 ⋅ 𝜂 ⋅ 𝑄 ⋅ 𝐿
(𝑔) ⋅ 𝑤 (5.4)

Both the equation for the pressure drop related to the increase in viscosity of the MR fluids by the
magnetic field Δ𝑃 and due to standard viscosity of the fluid, Δ𝑃 , are taken from [D3], the geometry of
the channel is dictated by the width, 𝑤, the height of the channel or the gap, 𝑔, and the length of the
channel, 𝐿. C is a factor that ranges from 2 when the two values of the pressure drops are close and 3
if the pressure drop of the Δ𝑃 is way bigger, about 100 times, than the pressure drop due to viscosity,
Δ𝑃 . For this script it is chosen to let C be 2, to underestimate the pressure drop and cover some of the
potential losses. The flow rate is needed for the viscous losses is represented with 𝑄, this value is an
estimation for quarter of the maximum flow that is needed to aid the heart as presented in the paper in
chapter 2. This is an over estimation of the flow rate to show that the valve has a higher potential.

𝑃 = 2 ⋅ (𝑗 ⋅ 𝐶 ) ⋅ 𝜌 ⋅ 𝑡 ⋅ 𝜋 ⋅ (0.5 ⋅ 𝑤) (5.5)

To calculate the heat generated per second, 𝑃 , with a current density 𝑗 in the 2 coils is multiplied with
the current factor, 𝐶 , i.e. the amount of current that is needed to get to the pressure difference of the
magnetic field 𝑃 to the required pressure of 20 [kPa]. The total current then is squared and multiplied
with the resistivity of copper 𝜌 and the total volume of copper, 𝑡 ⋅ 𝜋 ⋅ (0.5 ⋅ 𝑤)

Results
The pressure drop of the MRF is used to as a valve, therefor the maximum pressure drop needed is
the pressure estimate from the (had paper) at 20 [kPa]. The estimation for the power needed is based
on this metric. In figure 5.4 there is seen that the gap in this geometry should be smaller than 7.6 [mm]
in order to have the required 20 [kPa]. At 1.8 [mm] and smaller the pressure drop of the viscous friction
is as high as the pressure required. This would cause no problems if the pump could supply enough
pressure, but it is a trade-off between power used by the pump and the power used by the MRF valve.
The power needed, decreases by two decades per decade with a smaller gap due to the maximum yield
stress decreasing linearly with the gap size and the pressure drop both decreasing linearly with the gap
and increasing with the maximum yield stress, as seen in figure 5.5. When the gap size approaches 10
[mm], the decrease in power needed to achieve the required pressure drop is even higher per decade,
due to the non linear relation of the maximum yield stress with the magnetic field.
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Figure 5.4: Estimated pressure at centimetre scale, figure generated by MatLab script

Figure 5.5: Scaled power to match target pressure of 20 kPa, figure generated by MatLab script
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5.2. Conclusion
For the geometry defined in table 5.1, the gap of 7.6 [mm] will result in the least viscous friction while the
required pressure drop of 20 [kPa] is achieved. When the gap is made smaller the power consumption
goes down by about two decades per decade if the pressure drop of 20 [kPa] is maintained. Therefor it
can be concluded that the MR fluid based continuous variable valve, would be viable as direct current to
pressure drop transducer with a 20 [kPa] pressure drop with the minimum viscous losses. The pressure
drop could be increased, but the viscous friction will rise faster with about 3 decades per decade for
the gap size versus the pressure drop due to the applied magnetic field with 2 decades per decade for
the gap size.

5.3. Discussion and recommendations
The field that is calculated is based on two thin coils with no core. A possibly more accurate way of
modelling this could be by using a electric circuit analogy. By using this method, a better understanding
of the different losses and fields in the different parts of the circuit would be possible.
At this moment the parameters of the MRF are taken from the spec sheets of LORD. A better way of
finding these numbers is to measure these values in amore comparable use case to the valve. The sec-
ond advantage is that a more elaborate model like the Herschel-Buckley model could be implemented
and thus a more accurate pressure drop could be estimated.
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6
Conclusion

This work investigated the feasibility of a novel actuation unit for the purpose of creating a heart assist
device. First, it studied the requirements that are need for a heart assist device, secondly performance
of the ferrofluid pump and lastly theoretical side of the MR fluid based valve.

First, the requirements of a actuation unit for a heart assist device were established using a self-written
MatLab script; The average heart, at 70 percent of its original muscle force needed for rest heart rate,
needs about 20 [kPa] for a 5 [mm] thick shell to maintain a normal rest heart rate. This shell should
be able to compress 20 percent of its maximum size. This outcome is an estimation to aid in the se-
lection process of the actuators. Furthermore, 3 [cm] of distance perpendicular to the hearts surface
is available for the design of the actuation units. This should include all the components of such a
system because it would be beneficial to avoid any need for a opening in the chest, for cooling or oth-
erwise. Finally the cooling capacity is estimated by assuming that 5 percent of the blood flow, which
is the flow around the heart, carries the heat flux of the system. This amounts to 10 [W] of cooling power.

Next, a ferrofluid pump was investigated to evaluate its feasibility for pump for a segment of a heart
assist device. A design was purposed to act as a test bed and used to theoretically identify the perfor-
mance in pressure and flow rate. This solution would be able to achieve a pressure of 10 [kPa] with a
flow rate of 10 [mL/s] while keeping the pump bound in a 4 [cm] by 2 [cm] by 1 [cm] volume. This could
be useful in systems where ferrofluid needs to be pumped around, e.g. a sliding platform moving over
ferrofluid bearings that needs to maintain a certain pressure. Unfortunately it will not be sufficient to
be used to actuate a single segment and therefor it is not considered as a solution for the heart assist
device.

Finally, magneto rheological fluids were investigated to be used as an active fluid to design in inline
variable valve to distribute the fluids in the different segments of the heart assist device. This solution
could be used to step a pressure down to the required pressure by having a pressure drop over the
valve that is controllable with a magnetic field. A pressure drop of 20 [kPa] is achievable with commer-
cially available MR fluids in a 1 [cm] long in flow direction by 7.6 [mm] high channel. The width of the
channel will not directly affect the pressure drop related to the change in viscosity of the MR fluid, but it
will have an effect on the pressure drop due to viscous friction. With this 7.6 [mm] height of the channel
and a width of 2 [cm] about 0.5 [W] is used to achieve the 20 [kPa] pressure drop while the viscous
friction related pressure drop is less than 0.1 [kPa] at full actuation speed. Therefor this solution would
be suitable as an actuation method and it would be recommended to be further developed in a heart
assist device. A good place to start would be the experimental validation of the theory gathered in this
thesis.
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7
Recommendations

The recommendations consists of three subjects; the requirements for the project, the ferrofluid based
pump and lastly the variable valve using the MR fluid’s changeability in viscosity. The different subject
will have some general remarks about what could have been done differently in this research followed
by a list of recommendations for further research.
The requirements for the heart assist device were obtained using a MatLab script. This script combined
parameters of medical research and textbooks with a basic model to convert these medical values to
an estimation for the mechanical parameters. This model was only used for this estimation and should
be adjusted and compared to measurements of the heart before a actuator could be designed using
the values from this script. The model could be improved on several aspects:

• A numerical integration scheme could be applied to get better and faster results instead of the
fixed time step in the current script.

• The shape of the computational version of the heart used in the script is a cylinder, this could be
changed into a more realistic shape to obtain a better match with a real heart.

– An other addition to the model could be to include the direction of the fibres to get a more
realistic idea of the motion of the heart.

• An inverse version of themodel used in the script could be used to find themechanical parameters
of the heart, like force of the heart muscle over time.

– A version of this inverse model, where the heart is segmented into discrete sections, could
be developed into the basis to test actuation done by an actuator to the heart.

– Integration of this script with a 3d ultrasound could be developed into a way of extracting
data from a patient to form a model of the patient’s heart using a method that is already
used in hospitals.

• Lastly, there is the need for further research to find how much heat could be dissipated in the
region around the heart.

Next, the ferrofluid pump was not suitable to be used in the intended purpose for this research, that
however does not mean the concept of ferrofluid being pumped using an magnetic field could not be
used in other applications. There are several recommendations to make the model more accurate;

• A full finite element simulation could be done including all the ferrofluid and all of the components
needed, where the ferrofluid is still used as a fluid. Due to the inclusion of the fluidic behaviour
this would only be recommended for a late stage in a design process.

• For a quick estimation a lumped magnetic model could be used, with the estimation of the pres-
sure of the ferrofluid using the formula described in the paper about ferrofluids in chapter 4. An
application where the pump based on ferrofluids would be an interesting concept is a sliding
platform on ferrofluid bearings. The ferrofluid pump could control the height of the platform by
supplying ferrofluid or pumping it away.
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Finally, the valve based on MR fluid was viable to be used as an active element in a heart assist
application. There are some recommendations for further research:

• For a better estimation of the magnetic field on could use a lumped magnetic model, to have a
more accurate number for the magnetic field strength. This could be used to quickly calculate the
difference between setups, e.g. using a different amount of turns in the coils, a change in layout
or different materials for the magnetic circuit.

• The valve seems very promising in theory and should be tested experimentally to see if the per-
formance of the valve agrees with the theory.

– One of the theories that should be tested is if the Bingham model holds true, or that another
model is necessary, e.g. the Herschel-Buckley model.

• Another test that would be useful is to test the increase of the maximum pressure drop with the
decrease of the gap size, or height of the channel. According to this thesis; for every decade of
decrease of channel height the pressure drop will go up by two decades, but the viscous friction
will go up by three decades. This will make the device more sensitive to manufacturing errors,
i.e. a mismatch between two different valves.

• Lastly, another application where the MR fluid based valve could be useful is in simulators where
it could add damping to the controls for the human to machine interaction to match the real world
in a simulation.
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