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Abstract

Peristaltic pumps are positive displacement pumps that mechanically imitate
the peristaltic process. The unique design and operation of the pumps allows
it to have a wide range of applications, from blood pumps in heart-lung ma-
chines to industrial cement pumps. Another possible application might be as an
electro-hydrostatic actuator (EHA), provided that the pump completely occludes
the process tube. In order for the pump to be utilised as an EHA, the pump must
have known flow characteristics for accurate actuation capabilities. This study
aims to create a model-assisted design approach to calculate the required pump
geometry needed to adhere to required design specifications as an EHA.

A first principles modelling approach is followed with the flow character-
istics derived from the geometric relations pertaining to roller-type peristaltic
pumps. Novel methods of approximating the volume displacement caused by a
roller engaging the tube are presented within this model. A generalised lumped
parameter model is created in an attempt to model the pressure response of the
hydraulic circuit that the pump is integrated with.

A three-roller peristaltic pump is designed using the model-assisted ap-
proach in Solidworks. Manufacturing commences using polyethylene tereph-
thalate (PETG) material on a Prusa MK2.5 and Prusa MK3 printer. A test bench is
constructed for model validation purposes regarding the roller volume displace-
ment, pump flow rate, and pressure pulsations of the pump over varying motor
speeds. A two-roller configuration of the same pump is also tested to validate
some of the premises of selecting a three-roller pump as an EHA and further
model validation.

The simulation of the three-roller pump shows an average correlation coeffi-
cient of 0.83 for the inlet pressure and 0.74 for the outlet pressure when com-
pared to experimental results. The modelled flow of the three-roller pump had
an average error of 2.37 % and a maximum deviation of 9.02 %, where the two-



roller pump had an average error of 1.97 % and a maximum deviation of 4.03 %
over all tested motor speeds. The flow rate of the pump was found to have
a non-linear relationship to the motor speed, where the model represents an
idealistic linear relationship. The non-linear flow was found to correlate strongly
to the peak inlet pressures of the pump.

The pump managed to achieve vacuums under 5 kPa (absolute) and gen-
erate pressures above 140 kPa (gauge) for both the two-roller and three-roller
configurations. The three-roller configuration had a more stable hydrostatic
capability for high-pressure, tests as expected. Due to the friction of the rollers
the two-roller configuration had a maximum operational speed of 400 r/min
compared to 150 r/min for the three-roller configuration. This is associated
with a maximum flow rate of 9.35 L/min for the two-roller configuration and
3.28 L/min for the three-roller configuration.
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CHAPTER 1

Introduction

1.1 Background

Peristaltic pumps are positive displacement pumps that mechanically imitate
the peristaltic process. Peristalsis is a naturally occurring fluid transport mech-
anism found in living creatures, humans included. It works by partial or total
radial contraction of an organ and translation of this contraction across the
length of the organ. The contraction reduces the available volume in the lumen
at the site of contraction and induces forces on the internal material normal to
that of the organ wall in the direction of movement. According to literature most
peristaltic pumps currently found operate on the discussed principle.

A peristaltic pump induces flow in a tube by collapsing a selected process
tube and translating the occlusion in a manner that resembles peristalsis. This
can be done by various methods, the most common being that of a rotary peri-
staltic pump illustrated in Fig. 1.1. Rotary peristaltic pumps (also referred to
as roller pumps, tube pumps, or hose pumps) use a roller to collapse the pro-
cess tube by squeezing the tube between an outer casing (also referred to as a
backplate or backing plate in relevant literature [1, 2]) and the roller. The roller
moves over the tube in the direction of transportation, inducing a flow inside
the process tube.

The peristaltic pump’s ability to move slurries and sensitive material has
allowed the peristaltic pump to have a wide range of applications other than
medical. These applications include: concrete pumps, micro-dosing pumps, ab-
rasive material pumps, as well as a range of fluid and slurry transport pumps in
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Figure 1.1: Illustration of the operation of a two-roller peristaltic tube pump

the food and beverage industry [3-6]. The wide range of use is due to the unique
fact that the tube pump isolates the fluid/slurry being transported from the
mechanical components of the pump with the use of a process tube. This allows
sensitive materials (such as blood) to be transported without contamination
from the mechanical parts, or abrasive materials corroding the mechanical parts.
In this case contamination encompasses solid particulates due to mechanical
wear, oil and grease for lubrication, or possible chemical reactions with pump
components, to name a few.

With full occlusion of the process tube, the inlet and outlet can be completely
sealed off from one another. Compression of the process tube could increase the
degree to which the inlet and outlet are sealed from each other. This can allow
the pump to maintain a static pressure differential between the inlet and outlet
while the rollers remain in place. This, in theory, could allow the peristaltic
pump to behave similarly to an electro-hydrostatic actuator (EHA).

An EHA is a hydrostatic actuator that does not require an oil reservoir or
electro-hydraulic servo valves, as required by conventional hydraulic actuators.
The term hydrostatic refers to the capability of maintaining a static pressure
during operation, usually by limiting flow, in order to produce a constant dis-
placement on the actuating end of the system. This is achieved by means of
closed circuit hydrostatic transmissions, implying that the intake and outlet of
the pump are directly connected to the hydraulic cylinder [7].

If the peristaltic pump is to be used as an EHA, the pump must have known
characteristics for accurate actuation of a piston. The pump can be character-
ised to some degree by modelling the pump’s input and output, and the response
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of the system in which the pump is implemented. Various literature sources
provide information of the modelling of pulsatile flow associated with specific
types of peristaltic pumps. These sources however fall short when providing a
generalised model for roller pumps with varying amounts of rollers. The appli-
cability of a generalised model allows for the peristaltic pump to be designed
with a target flow rate, which is an important factor for actuation.

1.2 Motivation

The physical foundations which Industry 4.0 and smart manufacturing are built
on are: robotics, computers/data centres, logic controllers, and sensors, without
even mentioning electricity generation. According to the Information Techno-
logy & Innovation Foundation, some of the key technologies enabling smart
manufacturing are [8]: sensor technologies, wireless connectivity, data analytics,
generative design, computer-aided design, and advanced robotics.

It can be argued that improving certain micro-aspects of Industry 4.0, such
as robotic actuators or wireless connectivity, also improves Industry 4.0 and
it’s future implementation. As an example: Improving the actuator of a robotic
manipulator may lead to improved characteristics such as increased accuracy.
This in turn may lead to less manufacturing faults and/or faster production
times.

Research on these fields lead to an investigation on how to produce inex-
pensive robotics that are reliable and accurate for use in small businesses and
educational institutions. The investigations included comparing robotic actuat-
ors, sensors, and materials. Having stated this, it can be concluded that actuators
and sensors would make up the majority of the cost. However, materials have a
unique problems of their own, as manufacturing techniques could vary for the
same part [9].

Hobbyists and educational institutions give valuable insight into some of
the cheapest produced robotic manipulators available with the use of additive
manufacturing and inexpensive actuators. In this study additive manufacturing
is commonly referred to as three dimensional (3D) printing, and is not to be
confused with the material jetting process with the same name. 3D printing also
implies that the manufacturing technique remains rather constant. The reduced
cost is, however, offset by a lack of control and accuracy. A common problem
mentioned in the 3D printed robotics literature is backlash and wear on the
gears associated with the power transfer method. This leads to an investigation
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of other methods of transferring power across the manipulator, as improving
the power transmission could lead to improved accuracy and reduced backlash.

The most common power transfer methods include: gears, belts, chains,
pulleys, hydraulics, and pneumatics. This study found that hydraulics and pneu-
matics were severely underrepresented in 3D printed robotics. This is due to
complexities that arise for parts that require either a large strength or a high
quality finish. Such parts would include impellers found in kinetic pumps and
compressors, or the gears, lobes, and other mechanical parts required for posi-
tive displacement pumps. However, one positive displacement design stood out
from the rest. The unique design of a rotary peristaltic pump makes it a suitable
candidate for additive manufacturing.

3D printed hydraulics and pneumatic actuators could advance 3D printed
robotics. The introduction of hydraulics and pneumatics for 3D printed robotics
will allow for the comparison of a larger variety of power transmissions in 3D
printed robotics, increasing the possible uses of inexpensive robotics. The peri-
staltic pump has desirable characteristics that could allow it to be used as a 3D
printed EHA.

With the ability to 3D print a peristaltic pump comes the ability to customise
the peristaltic pump to the user’s needs. For this reason, it is desirable to model
the pump based on the pump’s design, allowing users to model their individual
pumps. This requires a first-principle approach to create a design-based model
of the rotary peristaltic pump.

1.3 Problem statement

There is a need for a model-assisted design procedure for a 3D printed peristaltic
pump. The design procedure should not only accurately account for the effects
that the choice of system components have on the pump’s performance, but
the effects of the 3D printing process. The material choice should thus also be
accounted for.

1.4 Objectives and methodology

The main objective of this study is to develop a model-assisted design approach
for a 3D printed peristaltic pump. The model should allow for the characterisa-
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tion of a peristaltic pump prior to its construction in order to design a pump
with desired characteristics (such as flow rate).

This is done as an attempt to ultimately provide an alternative actuation
method for 3D printed robotics. The model-assisted design approach is to be
used for further studies of 3D printed peristaltic pumps applied as EHAs. The
following objectives need to be addressed by this study:

1. Modelling the dynamics of a roller-type peristaltic pump.

2. Designing and manufacturing a peristaltic pump with desired char-
acteristics with the use of the model, capable of being 3D printed.

3. Designing and constructing a test bench for characterising the
performance of the peristaltic pump and for model validation pur-
poses.

4. Testing the pump for model validation and further recommenda-
tions.

Fig. 1.2 portrays a conceptual overview of the research methodology to be
followed in the study.

Pump design Test bench Testing and
Modelling > and » design and » validgtion
manufacturing construction
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Figure 1.2: Conceptual overview of the research methodology followed in this
study summarising the objectives (solid-line) and methodology
(dashed-line)

In order to complete the objectives listed for this study, the following method-
ology will be followed:
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1. Creating a model to describe the pump characteristics:

(a) Create a numerical analysis of the geometric relations pertain-
ing to current peristaltic pump designs in a computational
software environment.

(b) Design a lumped parameter model of the system, with the
model parameters derived from the numerical analysis of the
flow, independent of motor characteristics.

(c) Verify the model in order to ensure that it behaves as expected
and depicts realistic values.

2. Designing and manufacturing of a peristaltic pump based on de-
sired values derived from the model:

(a) Select appropriate thermoplastic materials and printing
method for 3D printing.

(b) Create conceptual designs using a computer aided design
(CAD) program and iteratively improve the designs until the
design meets all required criteria.

(c) Manufacture pump parts using 3D printing and assemble the
peristaltic pump.

3. Designing and construction of a test bench to validate the model:

(a) Design and construct a test bench capable of testing the pres-
sure pulsations, volume displacement, and maximum work-
ing pressures of the peristaltic pump.

(b) Test and characterise the test bench variables (such as resist-
ance and compliance) to minimise possible deviation of the
simulation.

4. Testing and validation of the model and simulation:

(a) Testthe pressure characteristics and flow characteristics of the
pump under varying operational conditions, such as motor
speed.

(b) Compare the simulation and model values to the experi-
mental values via data analysis.
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1.5 Outline of the dissertation

Chapter 2 discusses the relevant literature used to make design and modelling
decisions. It includes a brief overview of the literature in the literature review
section, followed by in-depth discussions of the relevant literature sources be-
fore concluding with a critical review of the literature.

Chapter 3 discusses the modelling of the peristaltic pump. An in-depth
investigation into the puslatile flow attributes of the peristaltic pump is given
with accompanying volume displacement approximation methods. The lumped
parameter model, which describes the pump’s behaviour to external inputs
and operational circumstances, is then described. The models are then used
to simulate the pump’s pressure pulsations with given parameters as inputs for
validation.

Chapter 4 discusses the relevant design aspects of the peristaltic pump in
conjunction with additive manufacturing techniques. Using a hypothetical
design requirement, the design specifications in this chapter are derived from
the modelling in Chapter 3, which is used to validate the model in Chapter 6.
The chapter ends with the manufacturing of the pump. The CAD drawings of
the design are included in Appendix C.

Chapter 5 discusses the test bench design and testing methods used for
validation. This chapter includes measuring physical aspects of the test bench
pertaining to the simulation. The sensors, tolerances, and limitations are men-
tioned prior to the discussion on the validation method.

Chapter 6 discusses the experimental test results and the comparison thereof
to the simulation results. The volume approximation is discussed first with com-
parison to the roller volume displacement tests. The modelled flow rate is then
compared to the experimental flow rate over varying motor speeds. Similarly, the
simulation’s pressure response of the inlet and outlet line are compared across
varying motor speeds to the experimental results. Lastly, the pump’s maximum
and minimum working pressures, along with the hydrostatic pressure tests, are
discussed.

Chapter 7 discusses the findings of this study with recommendations on im-
provements for future studies into the topic. The characteristics of the peristaltic
pump that enable it to be used as an EHA, as well as the use of the model-assisted
design approach, are discussed in this section.



CHAPTER 2

Literature study

2.1 Introduction

This chapter begins with a literature survey in which relevant literature is dis-
cussed. Following the literature survey is a more in-depth discussion of research
related to this study.

The in-depth discussions begin with additional information pertaining to In-
dustry 4.0 and its relevance to this study. Thereafter the discussion shifts with the
focus on peristaltic pumps and their designs. This is to gather additional infor-
mation pertaining to the pumps and their working principles, prior to reviewing
modelling methodologies. The modelling techniques used in relevant literature
are discussed with a focus on models that use first principle approaches, real-
istic assumptions, and achieved accurate results. Aspects pertaining to additive
manufacturing and relevant research fields are discussed thereafter.

The chapter concludes with a critical review of the literature presented.
Literature that will be focussed on are briefly discussed along with the motivation
for the focus.
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2.2 Literature survey

The information regarding Industry 4.0 was gathered from auditing and as-
surance companies as well as management consultancies that specialise in
consulting, risk and financial advisory, and innovation management. These
companies include: PricewaterhouseCoopers (PwC), Delloite, and the Boston
Consulting Group. The technical reports and white papers published from these
companies indicate problems that limit the implementation, or the speed of
implementation, of Industry 4.0.

A good source of information regarding pumps and their applications is M.
Volk’s handbook: "Pump Characteristics and Applications" [10]. The references
made to pumps and their applications will be sourced from this book. This
includes the working principles and definitions. Volk gives a good classification
of hydraulic pumps (courtesy of the New Jersey Hydraulics Institute) which
simplifies pump selection based on pump characteristics.

Descriptions of different types of rotary peristaltic pumps, as well as their
applications, are given by J. Klespitz et al. [11]. However, no mention is made of
adopting the peristaltic pump as an electro hydrostatic or hydraulic actuator.

A. Loth and R. Forster [12] describe a micro roller pump for micro dosing.
Reference is also made to some of the common design aspects of the tube/hose
type peristaltic pump. These design aspects are still proven useful when design-
ing a peristaltic pump, however, E. N. Aitavade et al. [3] give a better and more
in-depth indication of these aspects. Focus will thus be placed on Aitavade.

Reference is made to available patents of peristaltic pumps regarding the
geometry of the pumps, as literature regarding the design facets of peristaltic
pumps tend to be scarce.

The first principles methods used to describe systems and their response is
outlined by D. C. Karnopp et al. [13], and E.O. Deobelin [14]. Information specific
to the modelling of peristaltic pumps is outlined by the works of G. Wright [15]
and E Moscato et al. [16].

The first principles methods are outlined with specific reference to the mod-
elling of hydraulic systems and their electrical analogues. This includes the
modelling theory for calculating the resistance incurred from moving fluids, in-
ertia caused by the rate of change of the flow rate’s acceleration, and the effective
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compliance of the fluid and system in which it is contained.

B. Redwood et al. [17] describe the technologies and materials used in ad-
ditive manufacturing. Redwood indicates the unique attributes and the design
limitations of each of the additive manufacturing technologies. Due to the rapid
rate at which these technologies are improving some technologies may not be
present. H. Bikas et al. [18] reduces these technologies into brief summaries with
some additional technologies with merit. Due to the higher relevance, focus is
placed on the work of Bikas et al. The implications that additive manufacturing
techniques have on designing, manufacturing, and even social aspects are re-
viewed by H. Lipson et al. [19] but are not discussed in detail in this study.

PA. Kobryn et al. [20] shortly describes the past progress that has lead to ad-
ditive manufacturing technologies today, with emphasis placed on the aerospace
industry. The manufacturing accuracy regarding three dimensional (3D) print-
ing, specifically part tolerance, is taken into consideration with the work of U.
Berger [21]. The wear of thermoplastics is described by the work of W. Brostow
etal [22].

The following in-depth discussions focus on the most important aspects
from the aforementioned literature. Other literature sources are also included,
where applicable, in order to acquire a broader knowledge on the topic being
discussed.

2.3 Industry 4.0

The German national strategic initiative ‘Industry 4.0’, first implemented in 2011,
aims to increase the economic output of Germany. This is done by means of
digitisation and the interconnection of products, value chains and business
models with the use of smart factories [23]. The possible effects on the design,
manufacturing, operation, and service of production systems could have a large
impact on economic productivity. Estimates suggest productivity gains of 5 to
8 % totalling € 90 billion to € 150 billion over a span of ten years for the German
economy [24].

A global survey conducted by PwC in the year 2016 suggests that lack of
digital culture and training, insufficient talent, and high financial investment
requirements are the biggest challenges facing the adoption of Industry 4.0 prac-
tices [25]. The possible effects of this could imply that smaller companies, or
even countries with emerging markets, might fall behind on the implementation

10
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of industry 4.0 practices and lose competitiveness. Addressing the high financial
requirements of Industry 4.0 practice implementation may cause a wider adop-
tion of Industry 4.0. This in turn increases the likelihood of a larger population
becoming familiar with Industry 4.0 practice, effectively increasing the size of
available talent pools.

Industry 4.0 is a response to the rise of international competition with pro-
duction of parts with marginally less quality at better costs. The initiative takes
advantage of technologies associated with the fourth industrial revolution as a
means of preparation. A large focus of this initiative is to supply highly custom-
ised products with minimal lead time. This incorporates smart manufacturing,
in which intelligent and customised products autonomously lead their way
through the supply chain [26].

Deloitte defines the previous and current industrial revolutions based on
the large scale impact that the advancement of a specific technology has on
manufacturing sectors. As a result the current and previous industrial revolu-
tions can be identified as four main revolutions. The first two revolutions were
introduced with technologies that allowed for utilisation of steam power, and
the creation of assembly lines powered by electricity later on. The third and most
recent revolution, indicated by the first programmable logic control system in
the year 1969, further increased production output by automating simple tasks
in sequence [27,28].

The revolutionary stages may differ depending on what is considered signi-
ficant change or advancement in manufacturing methodology and technologies.
This outlook however describes and defines the technologies underlying In-
dustry 4.0. The first industrial revolution, indicated by the first mechanical
weaving loom in the year 1784, was brought about with the ability of harnessing
steam and water power. The second industrial revolution is indicated by the first
assembly line in the year 1870. Assembly lines made use of electrical energy and
the division of labour, allowing for mass production of parts and products.

The third industrial revolution, along with the computing advancements
made with Moore’s law, laid the foundation for the fourth and current industrial
revolution with the aid of sensor technology. Industry 4.0 encapsulates the integ-
ration of cyber-physical systems (CPS) with the manufacturing floor. The term
‘Cyber-Physical System’ is used for a system comprising both physical compon-
ents (such as robotics and sensors) and generative information. The information
retrieved from the system is used for statistical analysis and optimisation, with
focus on autonomy. Currently, Industry 4.0 and smart manufacturing are the

11
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latest areas of development and research in the global industrial sector. This
comes with the introduction of developing technologies, such as advanced ana-
lytics with the use of ‘Big Data’ and artificial intelligence (Al), interconnectivity
with the use of the internet, and the internet of things (IoT) [27,29, 30].

At present the use of robotics to automate is unprecedented and new techno-
logies are being developed on a regular basis. With robotics and sensors centred
at the heart of current global industrial endeavours, such as Industry 4.0 and
smart manufacturing, improvements made to robotics in general can indirectly
impact these endeavours favourably. Reducing the cost of robotics could lead
to a wider adoption of these technologies, influencing both the industrial and
educational sectors.

2.4 Peristaltic pumps

M. Volk [10] indicates that positive displacement pumps, such as the peristaltic
pump, have some useful application criteria, including: high pressure, high effi-
ciency, fragile solids handling, seal-less pumping, accurate and repeatable flow
measurement, and constant flow/variable system pressure to name a few. These
characteristics of positive displacement pumps make them ideal for use as an
electro-hydrostatic actuator (EHA). Volk also states that engineers tend to have a
preference for centrifugal pumps over their positive displacement counterparts.
This is due to less pulsations and lower maintenance with fewer moving parts,
such as check valves and loaded bearings. Positive displacement pumps do,
however, have practical uses, and pump selection remains dependent on the
application.

The restrictions caused by additive manufacturing shortfalls allow for the
peristaltic pump and the diaphragm pump to be considered for 3D printed
pumps. This is due to the use of other external parts which mitigate the short-
falls of additive manufacturing. These parts include the collapsible tube of the
peristaltic pump, and the diaphragm membrane and check valves for the dia-
phragm pump. Volk compares the characteristics of these pumps, and shows
that the diaphragm pump has a larger pulsation quality (which is not a desirable
quality for actuation). Due to the pulsation quality, minimisation of the use of
external parts, and the possibility of being used as an EHA with reversible flow,
the focus is placed on the peristaltic pump.

The first occurring patent for a peristaltic pump was a hand operated single-
roller tube pump produced in 1855 by Rufus Porter and J. D. Bradley in the

12



CHAPTER 2. LITERATURE STUDY 2.4. PERISTALTIC PUMPS

United States and named "The elastic-tube pump" [31, 32]. Subsequent pat-
ents were filed in later years but the peristaltic pump only gained fame when
introduced into the operating room as a blood pump with the work of J. Gibbon
that started in 1937. Gibbon devoted his life to designing a heart-lung machine,
capable of oxygenating and circulating the blood of a patient. His work along
with the vast amount of preluding work which lead to his achievements would
in turn save many lives [33].

Although described as having been the most commonly used pump for car-
diopulmonary bypass (CPB), its popularity has been declining due to improve-
ments in its competitors, such as the centrifugal pump [32]. A study conducted
by B.L. Mejak indicated that roller pumps were used as the main blood pump
by 44 % of correspondents (chief perfusionists in USA cardiac surgical centres)
compared to 49 % using centrifugal pumps in the year 2000 [34]. Due to its ver-
satility however, the peristaltic pump has also gained more uses, and continues
to do so in non-medical fields as new technologies develop.

The use of a flexible membrane to transport the fluids through the pump
allows for changes of the membrane to impact the uses of the pump, while
maintaining the same pump design. This allows the same pump to accompany
a wide variety of materials by simply replacing the membrane.

The patent of I.]. Phallen [35] states that peristaltic pumps can be classified
into two main categories, namely; linear peristaltic pumps and rotary peristaltic
pumps. Phallen goes on to state that rotary peristaltic pumps tend to have
shorter service times due to the harsher deformation of the tubes.

The linear peristaltic pumps referred to in Table A.1, Appendix A, make use
of more complex mechanics to collapse a process tube in a straight manner.
The trade off in complexities is a reduction in wear of the process tube. The
rotary pumps all make use of similar mechanics: Rollers, driven by an electric
motor, collapsing a process tube. The rotary pumps can be classified into two
groups based on their design. Those with a backplate and those without. The
backplate allows for a forced occlusion, meaning that the tube is forced shut
between the roller and backplate. Those without a backplate have the process
tube stretched across the rollers indicated in N.G. Kling’s [2] patent and shown
in Fig. 2.1 (patent expired).

The design with a backplate allows for higher pressures and less leakage from
the high pressure side to the low pressure side. This method could harm sensi-

tive materials as a larger shear force is applied to the fluid. The forces applied
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Figure 2.1: Design illustration of Kling’s peristaltic pump design without a
backplate [2]

to the tube will also shorten the process tube’s life span as larger deformations
of the tube occur under larger forces. The design without the backplate has a
passive safety as a result of the reduced pressure capabilities. As the process
tube is not forced shut, if a large enough pressure occurs at the inlet or outlet, it
can overcome the collapsing force of the rollers.

Since this study focusses on the use of a peristaltic pump for hydraulic actu-
ation, higher pressures are needed from the pump. For this reason, focus will
be placed on the rotary peristaltic pump with a backplate. Rotary peristaltic
pumps (specifically those with backplates) have different designs based on their
operational requirements. Although similar in design, the tube type pump varies
from the hose pump.

The hose pump is designed to handle higher pressures. This implies the
casing and process tube have to be stronger than that of the tube pump. The
differences the hose pump exhibits from a tube pump can be listed as: thicker
tubes (often called hoses), lubricant filled casings, larger pump size, and slower
rotational speeds. To accommodate the larger forces, hose pumps tend to be
larger than tube pumps and are made out of stronger materials. The single
roller design with a 360 degree casing is more popular among hose pumps.
Tube pumps often have a minimum of two rollers and can have as many as 12
rollers [3].

Some of the tube types available are [3]: Silicon, Autoprene, Viton, Tygon,

14



CHAPTER 2. LITERATURE STUDY 2.4. PERISTALTIC PUMPS

Prothane II, Vinyl- and Fluor polymer. These tube types alone allow a pump to
handle various foods, beverages, concentrated acids, and inorganic materials
with working temperatures ranging up to 220 °C, depending on the tube material
selection.

One of the most common aspects associated with peristaltic pumps is their
pulsatile flow. The pulsatile flow is caused by the roller engaging and disenga-
ging the tube repeatedly. In some scenarios this is advantageous, such as with
blood pumps as it imitates the pulsation of a heartbeat to a small degree [15].
In other cases where consistent flow is required, pulsation dampers are available.

When a roller comes into contact with the process tube a force is applied to
the tube causing its collapse. The collapse of the tube results in a diminishing
volume. The fluid within the tube needs to be displaced in order to accommod-
ate this reduction in volume. This displacement of fluid induces flow within the
process tube, opposing normal flow.

The same mechanics are present at the pump outlet but in reverse as the
volume displaced by the roller is now removed and the volume needs to be
replaced with surrounding fluid as the pipe returns to its original shape. The
induced flow at the outlet also opposes normal flow but decreases pressure
instead of increasing it. An account of these mechanics are discussed in more
detail in the Modelling theory section of this chapter with the work of Moscato
etal. [16].

Most of the rotary peristaltic pumps show similarity regarding symmetrical
design around one axis (described as the y-axis for demonstration purposes).
This usually implies that the inlet of the pump is angled at the same angle as that
of the outlet. This also implies reversing the motor would result in identical flow
to that of normal operation but in reverse. This symmetry is indicated by Fig. 2.2.

Peristaltic pumps can be powered by a variety of motors. Most commonly
the pumps are powered by motors with a high degree of control, such as servo
and stepper motors. Servo motors have a more constant torque to motor speed
curve, and are commonly found in robotics. Stepper motors have the advantage
of being cheaper than their servo counter-parts (both the motor and the motor
driver) and have a high torque at low motor speeds. For this reason stepper
motors are more prevalent in low cost 3D printed robotics.

A number of recent articles indicate a newer use of piezoelectric peristaltic
micro-pumps such as on-chip cooling and micro dosing. The literature sources
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Figure 2.2: Symmetry similarity found on rotary peristaltic pumps referencing
designs of (a) B. Huber [36], (b) R.P. Davis [37], (c) J.L. Orth [38], (d)
Zanger et al. [39]

regarding these micro-pumps are not applicable to this study, as they are linear
peristaltic pump types, however, they are worth mentioning for future research-
ers. A. Geipel [40] and E Thoma et al. [41] describe peristaltic micro-pumps
for optimized and automated drug delivery. G. Beckers et al. [42] describe a
modelled design of a quasi-static peristaltic piezoelectric micro-pump. Qiao Lin
et al. [43] simulate a peristaltic micro-pump and K. Tatsumi et al. [44] develop a
numerical study on the fluid-flow characteristics of a micro-pump.

2.5 Modelling theory

Karnopp et al. define models of systems as "...simplified, abstracted constructs
used to predict their [the systems’] behaviour" [13]. Models of systems can be
derived from the system’s response to certain external inputs, also referred to
as data-driven models. An alternative which is advantageous when data of the
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system is limited is the first-principles approach, where the system is modelled
based on the underlying physics [45].

Data-driven models are cheaper to produce in terms of labour and are re-
liably created, meaning that the model, which is based on the actual system’s
response, is relatively accurate in terms of the specific system. The problem
with data driven models is that they are specific to the system on which they are
modelled. This implies that if certain variables in the system were to change, the
model might no longer remain accurate. This method of modelling also requires
data from the system, which implies that the system is constructed before the
model.

First-principle modelling requires in-depth knowledge of the system and
the physics that describe it. These models can be time consuming to create
as the formulation of the models are mathematical in nature. The advantage
of first-principle models are that they can be adapted to different systems by
changing known parameters in the model. They also offer a preview of how
the system will react to inputs prior to the system being built. The drawbacks,
however, are that accuracy is not always guaranteed, and can only be measured
by comparing the model to the actual response of the system.

The modelling approach can be influenced by the amount of information
that is known of the system. Further classification can be given by the knowledge
of what is done to the information in order to acquire a mathematical model. P.
Czop et al. [45] classify modelling into three distinct groups, namely: a black-box
approach, a grey-box approach, and a white/transparent-box approach. These
classifications are made based on the information pertaining to the structure
and parameters of the model. The white-box approach indicates that a good
grasp of the processing of information is known and indicates first-principle
modelling. The black-box approach indicates that it is not very clear on how the
information is processed and indicates a data-driven model.

The black-box approach is based on regression techniques, and is commonly
found in machine learning. The white-box approach, also referred to as ana-
lytical modelling, commonly utilises lumped parameter models to define the
working system. The grey-box approach is a mixture of the first principles and
data driven modelling [45].

S.L. Weinberg et al. [46] review methods of modelling peristaltic pumping in
both inertia-free flow and inertial flow. This is done by varying the densities of

the working fluid, with the inertia-free flow having a Reynolds value less than
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1 (. R, < 1). Weinberg et al. model an infinite periodic wave train transport-
ing fluid from one reservoir to another with the following conditions: (i) the
peristaltic wave must be progressive and periodic; (ii) there must be an integral
number of wavelengths between reservoirs; (iii) the pressure difference between
the reservoirs must be constant. Similarly, T.W. Latham [1] models a two dimen-
sional sinusoidal wave propagation pertaining to that of a peristaltic pump with
a low Reynolds number.

E Moscato et al. [16] explicitly models a two-roller tube type roller pump with
the use of first principles. The modelling includes a lumped parameter model
as shown in Fig. 2.3 and is tested at flow rates with inherently larger Reynolds
numbers than that of Weinberg et al. The first principle methods Moscato uses
align with those of D.C. Karnopp [13] and E.O. Doebelin [14].
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Rin(t Lin(t L t R t
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Tube into
pump housing

Pump roller | Pump roller Il

Figure 2.3: A lumped parameter model diagram of a two-roller peristaltic pump
proposed by Moscato et al. [16]

Moscato indicates that the pressure pulsation caused by the roller coming in
and out of contact with the tube is due to the pump’s roller displacing a volume as
it occludes the process tube. To mitigate confusion, occlusion refers to the partial
or total collapse of the process tube. This volume is measured as the roller comes
into contact with the tube (6 = 0) to where the tube is fully collapsed (0 = a).
These values of the volume of the roller (V;) are then cubically interpolated
over the angle of the motor (0) to give a polynomial. The polynomial, indicated
in Fig. 2.4, thus describes the volume displacement of the roller in terms of
the angle of the motor. It is used to give indication of the flow produced as
foa Q.q(0)dO = V,.(0). Here 6 = wt where w is the rotational speed of the motor
and ¢ represents the time variable. The flow can thus be found by differentiating
the volume over time as indicated in (2.1).
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Figure 2.4: Measured values of a roller’s volume displacement during
engagement with a process tube for a roller type peristaltic pump
(reprinted with permission)®

Moscato does not however model the volume displaced by the roller. Instead,
a model is created based on experimental data and polynomial fitting. This
implies a grey-box modelling approach as the model is a combination of both
analytical and data-driven modelling. Moscato uses a third degree polynomial
to sufficiently define an equation for the roller volume displacement specific
to the pump he used with the volume equation V;(0) = 0.00016° + 0.004260° +
0.0360 —0.027 for clarification. The third degree polynomial, however, suggests a
negative volume displacement of 0.027 mL at 8 = 0 °. This could imply a higher
polynomial order might provide better results. However, Moscato may have
been limited by the small amount of sample points, or found the polynomial to
be sufficient enough for their purposes.

1Reprinted from Medical Engineering & Physics, Vol. 30, E Moscato et al. [16], Pressure
Pulsations in Roller Pumps: A Validated Lumped Parameter Model, Pages 1149-1158, Copyright
(2008), with permission from Elsevier.
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G. Wright [15] confirms many of the modelling decisions made by Moscato
in reference to the pulsations of a heart beat. Wright states that the pulsatile
power (which is determined from pulsatile flow) is directly dependent on the
blood inertia and arterial resistance, and indirectly dependent to arterial com-
pliance and peripheral vascular resistance. Wright goes on to state that these
relationships are time dependent. These characteristics can be modelled math-
ematically, as Moscato had done, by utilising variables pertaining to the effective
fluid resistance, fluid inertia, and compliance of the system.

These hydraulic characteristics can be modelled as an electrical analogue,
for simplicity, regarding the lumped parameter model. This is also present
in Moscato’s model with pressure relating to potential, and flow to current.
This would imply that the viscous friction is equivalent to resistance, the fluid
inertia to inductance, and the compliance to the capacitance. According to D. C.
Karnopp et al. [13], pressure changes due to the inertia, compliance, and friction
of a fluid can be modelled respectfully as:

AP;=IQ, (2.2)
1
APc = —AV, (2.3)
Cr
and
APg, = RfQ. (2.4)

AP refers to the pressure change caused by the fluid inertia I and is directly
proportional to the change in flow rate of the fluid Q. AP¢ refers to the pressure
change caused by the compliance of the fluid in relation to the change in volume
V. The compliance of the fluid is, in this case, referring to the compressibility of
the fluid. AP¢ is thus directly proportional to the change in volume with regards
to the fluid. APp, indicates the change in pressure caused by the viscous friction
Ry and is directly correlated to flow of the fluid Q.

The symbols R and C are used here as they refer to the same phenomena
in both fluid and electrical circuits, that is: R represents the resistance to the
flow/current, and C the storage of potential energy. To mitigate confusion
between the fluid symbols and their electrical counterparts, the symbols specific
to the fluid variables are discussed in this section and are subscripted with ¢
(fluid) and . ¢ ¢ (effective). The symbols specific to the electrical analogue of the
fluid variables are only applied in Chapter 3, with the difference reiterated there.
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Karnopp goes on to indicate that the compliance, inertia, and viscous friction
(assuming laminar flow) of a fluid in a rigid pipe segment can be calculated
respectively using (2.5), (2.6), and (2.7).

Cr= E (2.5)
f_ B :
prl
I=— 2.6
" (2.6)
128ul
Ry = 2.7)
nd}

The compliance of the fluid C¢ is inversely proportional to the bulk modulus
of the fluid B and directly proportional to the initial volume V. The fluid inertia
is directly proportional to the density p s and the length of the tube segment
[, and inversely proportional to the area of the tube’s cross section A. The
friction is directly proportional to the fluid’s viscosity y, the length of the tube
segment /, and inversely proportional to the inner diameter of the tube d;. The
compliance value Cy¢, however, is only sufficient for fluid contained in rigid
tubes. This is problematic as the peristaltic pump has a section of compliant
tubes. Fortunately, Karnopp also indicates that the compliance of tubes can be
calculated as:

2r 0 VO
Cm= VE (2.8)

Here the mechanical compliance value C,, of the tube can be calculated with
the initial radius of the tube r, the initial volume of the tube segment Vj, the
thickness of the tube wall w, and the modulus of elasticity of the tube material
E. The total compliance (or effective compliance) C, ¢ pertaining to the fluid
and its container can then be determined by summing the fluid and mechanical
compliances as in (2.9). As the peristaltic pump should be able to pump a
large variety of fluids, including gasses it may be worth noting the compliance
(compressibility) for gasses. The compliance of a gas can be calculated with the
density of the gas pg, the speed of sound in the gas ¢, and the initial volume of
the gas indicated in equation 2.10.

1 27'()
Ceff:V() E+ﬁ (2.9)
Vo
Cp= —% (2.10)
pgt
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The pressure caused by elevation difference (such as that in the reservoir)
with regards to fluids can be calculated with the fluid density rhoy, gravitational
acceleration g, and difference in elevation £ as:

Pthfgh. 2.11)

These equations supplied by Karnopp are for idealistic fluids and tube sec-
tions, usually associated with infinite lengths. Due to the idealistic assumptions
made with these equations, better approximations can often be made. The
speed of the fluid should also be taken into account as the calculation for vis-
cous friction supplied by Karnopp in (2.7) only hold true for laminar flow.

The flow of a viscous fluid in a tube can be characterised by the unitless
Reynolds number associated with the velocity v, viscosity u, and hydraulic
diameter d; of the tube as in (2.12). The Reynolds number can define the flow of
the fluid to be laminar (Re < 2100), transient (2100 < Re < 4000), or turbulent
(4000 < Re) [47].

Re= LYY (2.12)
U

E.O. Doebelin [14] states that the end affects of real capillary tubes for laminar
flow can be taken into account by adjusting the laminar resistance equation
supplied by Karnopp with association of the Reynolds number as:

B 128ul
- 4
di

Ry

(1 + 0.0434ﬁR6) . (2.13)
7 l

It is worth noting that oscillating flow changes the fluid inertia significantly.
This occurs as the velocity profile for steady flow has a parabolic shape, where
the volume of fluid with respect to oscillating flow is treated more like a rigid
body. This results in the effective mass being 4/3 of the actual mass [14] and
implies that the fluid inertia for oscillating flows can be calculated as:

_4pl
C3A°

The head loss associated with the skin friction in the tube can also be cal-
culated by means of the Darcy-Weisbach equation (2.15) with the SI unit as
metres. The Darcy friction factor f can be found with the associated relative
surface roughness of the tube and the Reynolds number of the fluid on Moody’s
diagram.

I (2.14)

I v?

hf=f——
! di2g

(2.15)
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For laminar flows this factor can be calculated in (2.16). The Colebrook-
White equation calculates this factor for turbulent flows by iteratively solving
for f in (2.17) and takes into account the surface roughness € of the tube. Other
equations such as the Hazen-Williams equation and the Manning equation
can also used to estimate the head loss, however, Menon mentions that they
encompass larger uncertainties than that of the Colebrook-White equation, but
are easier to solve [47].

64

f== (2.16)
1 e/d; 251
—=-21 + (2.17)
Vi g( 37 Re\/?)

The effective fluid resistance is characterised by the pressure drop over the
system divided by the flow rate as in (2.18) with AP as the difference in pressure
and Q as the flow rate. This equation is especially useful when determining the
resistance of a system experimentally.

AP

Other than skin friction (friction caused by the fluid layer closest to the tube
wall) in straight pipes, it is likely that the system in which the pump is used
will contain valves or fittings (such as tees and elbows). Minor head losses are
associated with valves, fittings, and orifices which should be taken into account
when modelling hydraulic systems. Both S. Menon [47] and M. Volk [10] indicate
that minor head losses associated with bends and reductions can be calculated
with the formula:

Hiekx L (2.19)
f— Xg, .

where H f indicates the minor head loss, K the resistance coefficient, and v the
velocity of the fluid. The effective friction is then summing the minor head losses
associated

associated with the skin friction (R.rs = h¢ + H f). These values can be inserted
into an electrical analogue lumped parameter model with I = L, C, rf=C,and
Re¢f = R for each tube segment.

It should be noted that experimental tests that characterise a systems res-
istance, inertia, and compliance are favoured over theoretical values. This is
due to large inaccuracies that may occur due to non-ideal conditions. One such
example is the effect of entrained air on the compliance of the system, which
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has the potential to create a value with an order of magnitude difference to the
theoretical value, with roughly 1% of the volume as entrained air.

A noteworthy mention on the modelling of peristaltic pump is the work of G.
Formato et al. [48]. Formato et al. model a single roller hose pump with the use of
computational fluid dynamics (CFD) software with acceptable accuracy which
give an indication to the high pressure pulsations associated with a single roller
pump. The modelling in this paper is, however, not applicable, as this study
focusses on the first principles approach without reliance on CFD software.

2.6 Additive manufacturing

Additive manufacturing allows for constructing highly complex structures at
relatively low cost and short lead time when compared to current manufacturing
techniques. This allows for more frequent innovations and higher customization
of products [49]. The degree to which additive manufacturing can optimise a
part is unique as additive manufacturing generates the part. This is in contrast
to subtractive manufacturing techniques, such as computer numerical control
(CNC) machining, that remove material from the raw material block in order to
give the desired form.

Additive manufacturing is said to have evolved from rapid prototyping tech-
nologies, which allows users to print non-functional or semi-functional pro-
totypes. Currently, additive manufacturing is described as a form of direct
manufacturing, with the goal of building fully functional components. This
is especially useful in the aerospace industry as less material implies less ma-
terial cost and better fuel efficiency for an aircraft with less weight. Not only
does additive manufacturing show potential in the production and/or repair of
components, but delivers parts with both sufficient and repeatable mechanical
performance [20].

Lipson et al. [19] indicate that the complexity and variety of designs on a 3D
printer is "free". This implies that there is no cost associated to the complexity
or the variety of designs other than material and operating time. Another benefit
Lipson lists is zero lead time, as the printer can print on demand as needed. The
fact that 3D printers offer highly customisable and complex geometries of parts
with minimal removal of material reduces the waste associated with conven-
tional manufacturing processes. This in turn makes additive manufacturing
more desirable with respect to waste optimisation.
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3D printed robotic manipulators are cost efficient and easy to produce when
external items such as motors, drivers, bearings, and fasteners are easily access-
ible. This along with the ease of operability and attainability of 3D printers allow
users to print their own, or other open source robotic arms and manipulators.
This allows for the construction of low cost robotic arms/manipulators in small
businesses, education institutions, and among robotic enthusiasts. Collabor-
ative web sites such as Hackaday.io, Poppy-project.org, and ThingyVerse share
open source information and designs, including robotic manipulator designs,
among their users. Some open source robotic manipulator designs include: the
UFactory uArm, Thor, EEZYbotARM MK2, LittleArm, Roboteurs RBX1 Remix,
3D Printable Robot Arm, Zortrax Robotic Arm, and BCN3D Moveo to name a
few [50-57].

Low cost 3D printers however tend to create parts that have relatively large
tolerances due to inaccuracies and tolerances of the physical printer. This can
result in backlash and non-linearities of an actuated system dependent on these
parts, such as a robotic manipulator or arm [21, 58]. Furthermore, W. Brostow
et al. [22] describe polymers as viscoelastic, meaning their properties change
over time. By modelling and testing polymers with scratch tests Brostow et al.
concluded the same result with polymers as D.R. Askeland [59] had with metals.
That is material brittleness increases wear by reducing plastic recovery.

Bikas et al. [18] define the current additive manufacturing technologies based
on their core working principles shown in Table 2.1. The laser polymerisation
technique listed can further be subdivided into more commonly found manufac-
turing processes such as: Stereolithography (SLA), Solid Ground Curing (SGC),
Liquid Thermal Polymerisation (LTP), Beam Interface Solidification(BIS), and
Holographic Interference Solidification (HIS).

Similarly the laser melting technique listed can be subdivided into: Selective
Laser Sintering (SLA), Selective Laser Melting (SLM), Direct Metal Laser Sintering
(DMLS), Laser Engineered Net Shaping (LENS), Direct Metal Deposition (DMD),
Laser Powder Deposition (LPD), and Selective Laser Cladding (SLC).

Different materials require different manufacturing processes, mostly due to
required melting temperatures. For this reason steel cannot commonly be addit-
ively manufactured using fused filament fabrication (FFF) technology. Higher
strength materials (such as steel) typically require more complex manufacturing
technologies, such as laser processing, material jetting, or electron beam pro-
cesses.

Higher precision of the additive manufacturing technology is closely corre-
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Table 2.1: Additive manufacturing core technologies and manufacturing
methods adopted from Bikas et al. [18]

Core technology Manufacturing techniques
1. Laser-based a) Laser polymerization
processes b) Laser melting

a) Fused Filament Fabrication (FFF) / Fused Deposi-
2. Extrusion processes tion Modelling (FDM)
b) Robocasting

a) Three-dimensional printing (3DP)

b) Inkjet printing (IJP)

¢) Multijet Modelling (MJM)

d) Ballistic Particle Manufacturing (BPM)
e) Thermojetting

3. Material jetting
processes

a) Laminated Object Manufacturing (LOM)

4. Adhesive processes b) Solid Foil Polymerisation (SFP)

5. Electron beam pro-

a) Electron Beam Manufacturing (EBM)
cesses

lated to a higher cost. This is mainly due to higher accuracies being available on
state-of-the-art technologies [17,21]. U. Berger [21] lists the processing errors
of additive manufacturing machines that affect accuracy and repeatability of
printed parts and are indicated in Table 2.2.

Table 2.2: Processing errors pertaining to part tolerance regarding additive
manufacturing adopted from U. Berger [21]

Systematic errors Accidental errors
Stiffness Vibrations
Machine geometry Temperature
Positioning error Atmospheric humidity
Backlash Positioning variation

FFF printers are focussed on in this study as they are the most widely avail-
able printer type and incur the least amount of costs associated with manufac-
turing. FFF printers mainly consist out of: a build plate, a printing head, and a
frame for motor positioning. The printer head contains an extruding stepper
motor and a hot end (heating element, thermocouple, and nozzle attached to
a heating block). The thermoplastic is fed from a spool into the printer head
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and heated at the hot end to melting temperatures. The viscous plastic is then
extruded onto the build plate. As the plastic is extruded, the print head moves
around the build plate in the pattern of the designs first layer. After the initial
layer is complete, the printer head adjusts height and prints a second layer on
top of the first layer according to the instruction on the controller. The instruc-
tions are derived from the computer aided design (CAD) file with the use of
slicing software. This process is repeated layer upon layer until the final part is
complete [17].

To assist with adhesion, the build plate is normally heated to roughly 50 —
70 °C . The printer head and build plate combined have three degrees of freedom
around the X, Y, and Z axis. These degrees of freedom are actuated by motors
(most commonly stepper motors) and timing belts.

The printer obtains design information from GCODE created by a slicer from
the CAD drawing. The slicer allows a list of options to control the 3D printer
as the part is printed. These options vary widely from the translational speed
of the motors, retraction as well as the extrusion speed of the extruder, and
part properties such as: shell thickness, infill density and pattern, and support
generation.

2.7 Critical literature review

Information pertaining to rotary peristaltic pump design and modelling is rather
scarce in contrast to the large amount of available patent information. This
is likely due to private companies withholding information from the public
domain in order to keep a competitive advantage. Design information and refer-
ences are thus obtained from relevant patents.

The majority of rotary peristaltic pump designs referred to in the patent list
were symmetrical around one axis (y-axis), allowing identical reverse flow during
reverse actuation. This is ideal for this study as it simplifies the modelling of
the peristaltic pump. The best suited pump type for the application as an EHA
is that of a roller pump with a backplate. A hose pump would be ideal in this
case however limitations due to the manufacturing process must be taken into
consideration. These considerations include material strength, and build size.
With these limitations in mind, the tube-type roller pump seems best suited for
low to medium pressures, and is an ideal candidate for the focus of this study.

The low Reynolds number and sinusoidal waveforms of S.L. Weinberg et
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al. [46] suggest that the intention of their study was to model naturally occurring
peristalsis, limiting its use for roller pump modelling. The modelling theory
that T.W. Latham [1] provides also pertains to sinusoidal peristaltic waveforms,
which can be used for pump designs with a large number of rollers. However,
this model can be problematic with pump designs containing fewer than four
rollers, as the peristaltic waveform no longer represents that of a sinusoidal wave.

The most relevant literature is that of E Moscato et al. [16]. Moscato et al.
describe the flow pulsations of the roller pump by attributing the pulses to each
individual roller, rather than a sinusoidal waveform. This allows the model to be
more generally applicable, where quick repetitive pulsations may automatically
start to form the sinusoidal waveform from the aforementioned studies.

The lack of a model for the volume displacement of the roller occluding the
process tube also allows for further investigation into modelling the peristaltic
pump. A model describing the volume displacement may prove extremely useful
in modelling the dynamic characteristics of a peristaltic pump. Focus will thus
be placed on the modelling approach of Moscato et al. with the first principles
described by E.O. Doebelin [14] and D. C. Karnopp et al. [13]. The lumped para-
meter model of E Moscato et al. will have to be adjusted to make the model
generally applicable to pumps with more than two rollers.

In order to manufacture an affordable and easy to create pump, the pump
will be constructed on a standard desktop FFF printer. The design will thus
be orientated around the available printers for the project, namely the Prusa
MK2.5 and Prusa MK3. This selection is justified as the FFF technology is seen
as the least complicated technology. This implies that the material strength is
not as great and the associated tolerances are quite large. Thus, if a pump can be
manufactured and tested with this technology, it should theoretically be possible
to create the pump with almost all available technologies, with materials having
similar or greater mechanical properties.

The manufacturing accuracy regarding 3D printing, specifically part toler-
ance, is taken into consideration with the work of U. Berger [21]. The accuracy
of the printer affects the tolerance of the printed parts and should be taken into
consideration by means of larger clearances on the designed parts. The wear
of thermoplastics described by Brostow [22] motivate a gear-less pump design
to mitigate wear of the printed parts. A gear-less design is further motivated
as it could possibly increase the accuracy of the validation tests by mitigating
backlash and physical disconnect.
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CHAPTER 3

Peristaltic pump modelling

3.1 Introduction

This chapter discusses the modelling of the peristaltic pump and its response
to the hydraulic circuit integration. With regards to this study, the term ‘system’
refers to the hydraulic circuit connected to the pump’s inlet and outlet.

This chapter first discusses the modelling methodology, which includes the
reference geometry and assumptions used to describe the pump and its dynam-
ics. Once the assumptions have been declared in the modelling methodology
section, the discussion goes into depth regarding the degree of occlusion of
the pump. Thereafter the modelling of the volume that the roller displaces is
discussed. Following the numerical modelling section of the roller volume dis-
placement, the development of the lumped parameter model is discussed.

This chapter is concluded with a brief discussion on the software environ-
ment and simulation approach, before verifying the model. Model verification
is done by using the pump and system variables found in [16], which describes
the modelling of a two-roller peristaltic pump. The theoretical model pertaining
to the peristaltic pump can then be used to design a peristaltic pump with a
desirable flow rate for a specific rotational speed in Chapter 4.
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3.2 Modelling methodology

A similar approach to that of Moscato et al. [16] will be used to create a general-
ised roller-type peristaltic pump model. Without explicitly stating so, Moscato
first characterised the flow associated with the pump and thereafter obtained the
pressure response caused by the pulsatile flow of the peristaltic pump. Similarly
the initial numerical study of this chapter describes the flow of the peristaltic
pump based on the designed geometry. The flow is then utilised within a lumped
parameter model, as seen in [16], to simulate the peristaltic pump operating
within a known system. This approach is followed in order to obtain the pressure
response of the system the pump is integrated with, and is outlined in Fig. 3.1.
It is important to note that the flow is not derived from the simulation, but
from the model that describes the parameters of the simulation. The intended
purpose for the lumped parameter model is to describe the system variables for
simulation purposes. This is to allow for simulation of the pressure response of
the system to the flow pulsations from the pump.

Flow parameters Pressure response
Reference : . Roller volume '
. | Rate of occlusion - ) N Lumped
geometry and > : » displacement —>»
. : calculation . parameter model
assumptions ' calculation

Figure 3.1: Illustration of the modelling methodology used to model the
peristaltic pump characteristics

The modelling methodology of this study differs from that in [16], as the
article describes a model specific to a two-roller peristaltic pump. This study
attempts to create a generalised model for multi-roller peristaltic pumps. The
general model should allow for varying amounts of rollers utilised on the pump,
different pump sizes, and different tube sizes. The majority of the modelling
focus is placed on the geometric relations of the pump to model the flow of
the pump, and specifically the roller induced flows. This is to add congruent
information on the modelling of peristaltic pumps, as [16] uses a data driven
approach for the roller induced flow. Additionally, the application of the pump
as an electro-hydrostatic actuator (EHA) would rely on the flow of the pump, as
positive displacement pumps can sustain linear flow under varying pressure dif-
ferentials across the pump assuming non-compressible fluids are used. Thus the
flow takes precedence over the pressure when modelling a positive displacement
pump for actuation with incompressible fluids.
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3.2.1 Reference geometry and positions

A combination of the pump design, the system which the pump is connected
to, and pump operation give rise to the unique pressure pulsation character-
istics commonly associated with peristaltic pumps. Pump design aspects that
influence the pressure pulsations are: roller size, tube size, inlet and outlet angle,
number of rollers, and backplate diameter. The system aspects that influence
the pressure pulsations are located on the inlet and outlet lines of the pump to
the system. These aspects of the inlet and outlet lines are dependent on: line
length, line diameter, material strength of the line, line wall thickness, head
loss, and ambient pressure. Operational aspects that influence the pressure
pulsations are operational speed (rotational speed of the motor) and angular
acceleration of the motor.

The flow that correlates to the pressure pulsation originates from the volume
that the roller displaces as it comes into or out of contact with the process
tube [16]. The movement of a roller coming into contact with the tube is de-
noted as engagement, while the movement of a roller coming out of contact
with a tube is denoted as disengagement. These movements can also be used
to describe certain periods for modelling purposes, and can be specified as the
range of motion where a roller is in contact with the tube, but is not at its max-
imum occlusion/compression value. These values are described in detail later
in this chapter. This induced flow is thus dependent on the degree of occlusion
of the tube, as a larger occlusion implies a larger change in volume.

Using a two-roller pump as an example, indicated by Figs. 3.2a, 3.2b, and 3.2c,
the reference positions can be better described. With a clockwise rotation this
example indicates that roller A comes into contact with the tube (denoted as
the engaging position) while roller B keeps the tube shut. This is indicated in
Fig. 3.2a as the starting position and Fig. 3.2b as the end position for the angle of
engagement. Fig. 3.2b indicates roller A in the engaged position as the tube is
fully occluded, and roller B in the disengaging position, where occlusion starts
to decrease. Roller B then moves away from the backplate until it no longer oc-
cludes the tube at the disengaged position indicated in Fig. 3.2c. These positions
apply to every roller on the peristaltic pump during a full rotation and are reliant
on the direction of rotation.

In order to maintain a hydrostatic pressure with a pressure differential
between the inlet and outlet, at least one roller needs to occlude the tube com-
pletely. The minimum requirement of one roller occluding the tube during
rotation implies that a minimum span of occlusion per roller is required, and is
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(a) Roller A engaging (b) Roller A & B engaged (c) Roller B disengaged

Figure 3.2: Roller positions of a two-roller peristaltic pump pertaining to
pulsatile flow characteristics

dependent on the number of rollers on the pump. The minimum span is defined
as the arc length between two rollers on the pump. Constant occlusion implies
that during the process of the roller engaging or disengaging the tube, another
roller will be in full contact with the tube. This is with exception of a single roller
design as it acts as its own opposing roller. This would also imply that the flow at
the inlet and the outlet of the pump is not affected by the flow on the opposing
side of the pump.

When referring to the flows created by the pump, rotational flow Q¢ is
used to denote the nominal flow of the fluid through the tube without the ad-
ditional roller induced flow Q,4. This nominal flow can also be thought of as
an ideal flow of a pump with a negligible volume displacement of its rollers.
Qavg denotes the average flow through the pump which takes the displaced
volume of the roller into account. This is calculated with the average value of
the induced flow subtracted from the nominal flow over a certain period of time.
The nominal flow and the roller induced flow are indicated in Fig 3.3 along with
other system variables. The inner radius of the process tube is denoted as r; and
the outer radius as r,,.

The nominal flow will be defined as the flow in the tube caused by a single
roller with a negligible displaced volume with full occlusion rotating around
the central axis of rotation of the motor at a radial distance r,, (3.1). 1, is equal
to the radial distance from the center of rotation to the center of the process
tube (3.2). The distance to the centre of the roller can be found by subtracting
the outer radius of the tube r, from the radius of the backplate rj,. Quom is
thus directly proportional to the rotational speed of the motor w (in rad/s), the
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radius of the outer casing of the pump, and the outer radius of the process tube.
The x-axis and y-axis are also depicted in Fig. 3.3, which pertain to the y-axis
described with the pump designs of the literature study, and will be used again
for the design of the pump in Chapter 4.

Qnom:rmwaﬂ'ri2 3.1)

rm=Tp—To (3.2)

..... I - , : - .i
Qediin Qediout T
Ly Lout
Cin Cout
Rin | Rout

Figure 3.3: Schematic diagram illustrating the pump dimensional parameters
and flow variables

The system variables are comprised of the fluid inertia (1), the effective head
loss (R, rr), and the effective compliance (C,r¢) for the inlet and the outlet of the
pump. For this section, in order to better describe the lumped parameter model,
these variables will be described as their electrical analogues, inductance (L),
resistance (R), and capacitance (C) respectively. The values of these variables are
calculated up to the engaged position for the inlet line, and up to the disengaging
position for the outlet line of the pump shown in Fig 3.2.
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3.2.2 Assumptions

In order to ensure accuracy and simplicity in the modelling process, assump-
tions are made regarding the pump design. The symmetry around the y-axis of
the peristaltic pump allows for the inlet and outlet to be identically reversible.
This implies that should the pump operate in reverse, assuming the inlet and
outlet have similar system variable values, the pulsations associated with both
the inlet and outlet are applicable to the revised operation. The symmetry also
allows the roller induced flow from the inlet to be equal to the inverse and re-
versed roller induced flow of the outlet. Thus, it is assumed that the pump is
symmetrical around the y-axis, as seen with the reviewed patents. The rollers
are assumed to be symmetrically placed around the central shaft of the motor,
allowing for uniform pulsations.

The inlet and outlet are assumed to be straight and enter/exit the pump
tangentially to the backplate (or outer casing). This simplifies the calculation
of the degree of occlusion. It is also assumed that there is no leakage between
rollers, and that there is always one roller fully occluding the tube. This implies
that there is no flow between occlusions and between the inlet and outlet of the
pump, other than the nominal flow, and roller induced flow.

The rollers, in reality, roll over the process tube with minimal friction. In
order to mitigate confusion between the rotation of the roller and the rotation of
the pump, the roller motion will be described as a frictionless contact without
rotation. This implies that reference made to the central axis of rotation pertains
to the shaft of the motor/pump. The connection between the rollers and the
shaft of the motor, the backplate, and the rollers themselves are considered to be
rigid. The tube is also assumed to comply perfectly around the roller’s surface,
without additional bending associated from shear stress near the roller. These
assumptions can be summarised as:

1. The pump is symmetrical around the y-axis

2. The rollers are placed symmetrically around the axis of rotation

3. The inlet and outlet are tangent to the backplate during roller engage-
ment/disengagement

4. No leakage occurs over the occlusion of a roller while it is fully engaging

the tube

There is always at least one roller fully occluding the tube

The rollers and pump components are completely rigid

The roller slide over the process tube with no friction

The process tube is completely compliant specifically to the form of the

roller

® N O
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9. The ratio of the roller length to the backplate length is sufficiently small
10. The motor performs ideally and continuously

With the reference geometry and assumptions declared, the modelling can
be undertaken starting with the degree of occlusion.

3.3 Degree of occlusion

The degree of occlusion describes how the roller collapses the process tube and
to what extent. This degree of occlusion can be mathematically determined by
calculating the distance between the roller’s leading edge and the backplate. The
leading edge of the roller is a descriptive term used to describe the closest point
of a roller to the backplate. This leading edge is indicated on the disengaging
and disengaged roller positions in Fig. 3.4.

/

Backplate

Figure 3.4: Tllustration of the geometric distances and angles used to define the
pump’s angle of engagement (0 = ¢)

In Fig. 3.4, 0 indicates the angle rotation of the motor with its value equal
to the angle of engagement ¢. As stated previously, the angle of engagement
refers to the angle the motor must rotate to bring the roller from a fully occluded
tube to an non-occluded tube (from the disengaging position to the disengaged
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position) and vice versa. The angle of engagement at the outlet is equal to that
of inlet for a pump with symmetry around the y-axis.

The contact angle f describes the engaged/disengaging positions with re-
spect to the x-axis of the pump and defines the total span of total occlusion for a
roller. The angle characterises a phase offset between the inlet pulsation and
the outlet pulsation but does not affect the amplitude of the pulsation. For the
pump representation in Fig. 3.3  is equal to 0 ° at the inlet and outlet implying
that the rollers fully occlude the tube for a span of 180 °. Fig. 3.4 indicates f as
30 ° for the symmetrical pump implying the rollers fully occlude the pump for a
span of 240 °.

With the assumption of a straight inlet and outlet to the pump, the inlet and
outlet must be tangent to the backplate at an angle perpendicular to the contact
angle . Knowing this, ¢ can be calculated in (3.3) using lengths a and b with
the contact angle as the reference. b is the designed length from the centre of
rotation of the pump to the centre of of rotation of the roller (referred to as the
roller offset radius 7, fse¢). @ is perpendicular to the contact angle and parallel
to the inlet/outlet. a has a length from the centre of the roller to the centre of
the axis of rotation of the pump when the roller makes initial/final contact with
the tube. a can be calculated in (3.4) as the difference between the radius of the
backplate rj, the outer diameter of the process tube, and the radius of the roller

Troller-
¢=cos”! (7] (3.3)
A=Tp—2To—Troller (3.4)
b=roffser (3.5)

Using Fig. 3.4 as a reference with the roller’s initial position at the disengaging
position, the dynamic distance between the backplate and the leading edge can
be formulated. A clockwise rotation will bring the roller out of contact, implying
that theta ranges from £ to 8 + ¢. To simplify the trigonometric equations the
angle’s rotation will be calculated with reference to , thus the rotation ranges
from 0 to ¢p. The distance between the backplate and the leading edge is denoted
by 6.

For pumps that do not fully occlude the tube, the maximum occlusion Occ
(which is a unitless number between 0 and 1) can be calculated as:
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b = Troller — roffset_zw
2r,-

Occ=1-

) (3.6)
with the tube wall thickness as:
W=r,—rj. (3.7)

The dynamic occlusion Occ, can be calculated using 6 as the roller comes
into or out of contact as:

2]’0—5
2r;

Occy=1- (3.8)

With the angle 0 equal to zero as the initial condition, it can be deduced that
the initial value for ¢ is equal to the difference of the backplate radius and the
sum of the offset and roller radius. This value defines the amount of compres-
sion that might occur with the pump design. If the initial 6 value is equal to
twice the value of the process tube wall thickness, no compression occurs. If the
value is larger, complete occlusion does not occur. If the value is smaller than
twice the wall thickness compression occurs.

Compression occurs when maximum occlusion is exceeded, indicated by
Fig. 3.5. This can be done intentionally in order to deter leakage, or can ac-
cidentally occur due to mechanical tolerances of the parts. The maximum
compression of the tube when fully occluded can be calculated with:

Comp =2w—(rp—Toffset — Troller)- 3.9)

As the motor rotates clockwise, the leading edge of the disengaging position
of the roller in Fig. 3.4 moves away from the backplate. The distance between
the leading edge of the roller and the outer casing is denoted as the length 6 and
is calculated withO e R: 0 <0 < ¢ as:

000) = rb_(rroller+roffset'cos(e))- (3.10)

It can be helpful to use the trigonometric identity cos(8) = sin(90 °—6) as
it aids in visualising the angle being used. The § value can be compared to
the dynamic radius of the roller r;, which is the distance from the centre of
rotation to the leading edge of the roller. This distance can be calculated with
the Pythagorean theorem as:

r4(0) = \/(rm”e, + Tof fser-€08(0))° + (Fof fser - sin@)°. (3.11)
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Compression

Figure 3.5: Diagram illustrating the occlusion value with regards to the roller
position and compression occurance

The change in this distance should be inversely proportional over the work-
ing angle as the pump rotates. This should indicate the dynamic radius de-
creasing in size while the leading edge distance increases in size as the roller
disengages. To verify this, theoretical fractional values can be given to ry, r¢17er,
and 1o fse- If 1p is set equal to 1 (total distance), r7o17er €qual to 0.3, and 7o ¢ fser
equal to 0.7 so that ryojjer + T'of fser < T'p, 6 and r4 can be compared over various
angles of 0 as in Fig. 3.6. The dynamic radius should have an initial value equal
to rp and 6 equal to zero. At an angle of 90 ° the dynamic radius should have a
value of 0.76 and § equal to the difference between r;, and 47/ -

E 1 S

3 E
: e
I —r(6) =)
209r 5d(9) 5
S o

g 3
S0s/ 5
27 a

0 10 20

Figure 3.6: Verification of distance 6 by means of comparison to Pythagorean
distance between central distance and leading edge
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3.4 Roller volume approximation

In order to characterise the flow pulsation of the pump, the volume that the
roller displaces must be obtained. There are various methods to approximate the
maximum volume displaced by the roller. The initial two methods of approxim-
ation offer a discrete approach where only the maximum volume that the roller
displaces can be calculated. The third method using discrete integration offers a
continuous volume displacement approximation during contact with the tube.
Each of these methods may vary by degree in accuracy and will be discussed
in order. The first approximation of the volume can be done by calculating the
cylindrical volume with a length equal to the length that the roller occupies
indicated in Fig. 3.7 as:

Veylinder :ﬂrl.z-ZX, (3.12)

Roller

ri "o

M3

=,

2X | Backplate

Figure 3.7: Illustrative diagram of a straight cylindrical section of the process
tube collapsed by the roller for volume displacement indication

If it is assumed that the roller perfectly occludes the tube as in Fig. 3.7, the
length of X can be calculated with the radius of the roller and the inner radius
of the tube. It should be noted that an additional height is present when the
tube collapses. The top wall is transposed towards the bottom until the top wall
connects with the bottom wall. For a perfect occlusion of 1 this implies that the
roller does not come into contact with the backplate, but has a distance equal
to 2w from the backplate (not to be confused with motor speed w). The area
remains the same but is simply transposed a distance of the additional height.
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The width of the wall thickness as indicated by Fig. 3.8. This initial approximation
method is very inaccurate and can only give a very rough indication of the
volume.

r —2r;
A=cos™! (M) (3.13)
T'roller
X = Iroller +SIN(A) (3.14)

J_”roller - 2r;

Troller _

Figure 3.8: Illustration of the roller angle A used to determine X

The approximation can be improved with a two dimensional fractional value
of the roller surface area over that of the cylindrical surface area illustrated in
Fig. 3.9. If we let the roller and the tube occupy a rectangular section, we can
see that the circle of the roller occupies the larger surface, however, it does not
occupy the full rectangle as with the previous cylindrical approximation.

The two dimensional surface occupied by the cylindrical surface can be
calculated as:

Acylinder =X-2r;. (3.15)

The surface of the roller can be deduced by calculating roller surface area
for the angle A by subtracting the surface of the triangle located above the tube’s
outer radius as:

A 1
Avoller = %”rrzoller_EX'(rroller_Zri)- (3.16)
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......................................................... )
A1,
4 | Arolter I A !
cylinder Y.
...... i

e Y
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X

Figure 3.9: Illustration of the two dimensional surfaces of the roller and the tube
used to approximate the volume displacement of the roller

The fractional value of the roller surface to that of the cylinder surface can
then be multiplied by the volume of the full cylindrical volume calculated in the
first approximation attempt. The approximated volume by this method can thus
be calculated as:

Vooiper = —Sroller r?-2X. (3.17)
Acyl inder

The final method of approximation, however, can be done by means of
integration as the roller engages/disengages the tube. Due to the assumption
that the roller is cylindrical in shape, it can also be assumed that the outer casing
against which the tube is collapsed is a flat surface. As the roller comes into
contact with the tube, the tube is deformed from a circle to an elliptical shape.
For simplicity, we can assume that a perfect ellipse is formed by the tube as it
collapses. Fig. 3.10 illustrates these areas as A; and A, for the circle and ellipse
respectively. The area of an ellipse can be calculated with the radius of the short
side ry and the larger radius of the long side r; in (3.18), and is illustrated in

Fig. 3.11.

Aellipse =TT X T X T (3.18)

Assuming that the inner perimeter of the tube stays constant as the tube
collapses, r; can be calculated with the equation for an approximate perimeter
of an ellipse (3.20). The initial and constant perimeter of the ellipse can be
calculated with the formula for the circular circumference of the uncompressed
tube as:

S=mn-2r;, (3.19)

where the perimeter of an ellipse is approximately equal to:
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S
SR

Roller / \

Roller

Roller

D)

Figure 3.10: Illustration of the side view of a roller collapsing the process tube to
indicate the integration area

Figure 3.11: Illustration of the radii of an ellipse used to calculate the ellipse area

2, .2
ry g
2
With p as a constant equal to S, r; can calculated as a dependent variable of

Is as:
82
n=\l3 3" r2. (3.21)

In order to find the volume, the distance that the roller indents into the roller,
with respect to a non-collapsed tube, needs to be calculated across the entire

p=2-7m (3.20)
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surface of the roller that is in contact with the tube. To assist with determining
the indentation length across the surface of the roller, the inflating angle A (also
referred to as the roller angle) is calculated. This angle ranges from the leading
edge of the roller (the central bottom point of the roller in Fig. 3.12) to the point
where the roller no longer makes contact with the tube for that specific angle of
0. Fig. 3.12 illustrates how the inflating angle decreases as the roller comes out
of contact with the tube, with the horizontal distance X decreasing along with it,
where Y (0) = 2r, —6(0). Using trigonometric functions A can be calculated as:

- Q2r,—6(0
A(0) = COS_I Troller — 2ro 0)) , (3.22)
T'roller
and X can be calculated with:
X(0) = rroiter - SIn(A(0)). (3.23)

(a) (b)

Figure 3.12: Illustration of the inflating angle and 6 for (a) full occlusion, (b)
intermediate occlusion, and (c) no occlusion

Let 0 be divided into n equal increments from 0 to ¢. The volume that the
roller displaces for each 0 value as the roller engages/disengages can be calcu-
lated using the midpoint rule integration technique. This is accomplished by
finding the corresponding area A at each point in X in steps of the segmentation
length dx. These areas are then multiplied by dx to create sectional volumes V
at each point in X indicated in Fig. 3.13.

This method is advantageous over the continuous integration method as

physical limits can be placed on the radii when they have reached their max-
imum values. This allows volume calculation even when the roller collapses the
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Area

dx

Length

Figure 3.13: Example illustration of the midpoint rule used for discrete
integration

tube further than the occlusion limit of 1, as in the case of compression. This
method is, however, only accurate for a small segmentation length dx, as the
error increases as n decreases and dx increases.

The segmentation length dx can be calculated by dividing the maximum
total horizontal length X, (Which occurs at 8 = 0) by n as indicated in Fig. 3.14.
dx = 2max (3.24)
n
With a constant value for dx, the X(0) value is incremented from X (6) to
zero with a step value equal to dx , with i the corresponding positional element
of each increment for every point in 0, thus:

x(i) = X)) —idx. (3.25)

The values of the area used to determine V; (denoted as Ay ) are the averages
between two corresponding area values for the dx values (3.30). These values
indicate the midpoint between the two determined area values. It should be
stated, however, that the right-hand Riemann’s sum should give a better ap-
proximation for large increment sizes. This is due to the idealistic assumption
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Figure 3.14: Illustration indicating the angles of y relating to incremental step
size dx in X,,4x

that the tube perfectly conforming to the roller’s form will produce a smaller
volume than that in reality. The right-handed Riemann’s sum might balance this
inaccuracy to a degree by over estimating the volume by a small amount. This
effect, however, becomes negligible with smaller increment sizes, implying more
increments and a better integration approximation.

The total volume displaced by the roller V,; for each angle of 6 can then be
determined by summing the sectional volumes over the horizontal length X and
thus over the span of the roller surface. The angle of each x value in X(0) can
then be calculated with (3.26) where y e R: 0 <y < A(0) .

| ( x(i) )
y(i)=sin" " |—— (3.26)
T'roller

The vertical length between the roller and the tube /, which is used to deter-
mine r;, can then be calculated for each point in X (0) to determine Ay and V.
The values span half of the tube, and should thus be calculated across the roller
angle range of {—A : 1}, as indicated in Fig. 3.15a. If compression should occur,
a limit can be set on the value of [ as 0 < [ < §(0) indicated in Fig. 3.15b. The
calculation can be simplified, however, by calculating the volume over half of
the roller angle from {0 : A} and multiplying it by two as the roller is symmetrical.
This simplification results in:

1(i) = 2ro = 8(0)) — rrotzer (1 — cos(y(i))). (3.27)
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(a) Uncompressed occlusion

Length value
o
o

0=050 0
Angle of engagement Roller angle

(b) Compressed occlusion

Figure 3.15: Length value [ across the roller angle {—A : A} as the roller
disengages the tube for 6 = {0: ¢}

The short radius of the ellipse rs used for the volume integration can be

calculated as:

)
rs(i) = 5 (3.28)

Thus the area can now be calculated with r; as a dependent variable of r;

and thus of i as:
82
A() =mrg(i) —rg(i)2. (3.29)
272

The area at each pointin X can then be determined, and the average between
each two values found to complete the midpoint rule as:
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A +AG+])
— Y

It is important to note that the area underneath the roller has been deter-
mined with these equations. It is clear that the area at the centre of the roller
during full occlusion is equal to zero. The area where the tube no longer makes
contact with the roller is equal to nrl.z. The volume that is displaced is thus the
inverse of the area determined and can easily be accounted for. Because the
tube is cylindrical, the required area to determine the sectional volume is equal
to the difference between the uncompressed tube area and the determined area.
Thus the sectional volume can be determined as:

Avs(0,1) = (3.30)

Vi(0,1) = (nr? — Ays(@)) - dx. (3.31)

The total volume that the roller displaces for the specific angle of rotation of
the motor @ is then calculated as:

n
Va6) =) 2- V(). (3.32)
i=1
As the calculations are based on a roller moving from the disengaging posi-
tion to the disengaged position the maximum volume displaced by the roller
occurs at 8 = 0 and thus V;(¢) = 0 . The maximum volume approximated by the
integration method is thus:

Vrotter = Val(0). (3.33)

The angle of the pump can be calculated as a variable of time with the
revolving speed w values as 0 = w - ¢ with ¢ as the time variable. The induced
flow of the rollers Q. can thus be calculated as:

Qud = dVd;w- t).
t

The crux of these approximation methods is that the accuracy is dependant

on the ratio of the roller radius to that of the offset radius. Since the tube

segment evaluated in these approximation methods is straight, it resembles

a roller to backplate radius ratio ¥ of near zero. As the radial length of the

backplate approaches that of the roller’s, or vice versa, the linear tube segment

approximation will no longer yield accurate results. It can be said that as the

ratio approaches a value of one, the volume that the roller displaces approaches
the total volume in the tube segment inside the pump V;,3.. That is to say:

(3.34)

\}}ml Va(0) = Viupe, (3.35)
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where the volume of the tube inside the pump can be calculated as:

v 2 180+26
tube =TT} * Z”W(rb_ro) ) (3.36)

and the roller to backplate ratio as:

N T'roller . (3.37)
Tp

This effect is indicated in Fig. 3.16, where a large roller to backplate radius
ratio, commonly seen on single-roller pump designs, is used to emphasise the
impact of the curved backplate. The assumption of a straight inlet/outlet tangent
to the backplate, however, should ensure that the rate that the volume is dis-
placed during engagement/disengagement remains quite accurate. This implies
that this inaccuracy of the volume approximation should have a minor impact
on the flow caused by the roller coming into contact with the tube, provided the

roller to backplate radius ratio remains low enough.

N
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Figure 3.16: Illustration indicating effect of the backplate curvature on the roller
angle A

For numerical data it is necessary to find the polynomial of the modelled
volume in order to calculate the expected flow. The flow induced by the roller is
affected by the polynomial order selected for the curve of the volume displace-
ment over the motor’s rotational angle. For this study polynomial orders of the
3rd, 4th, and 5th degree were compared (shown in Fig. 3.17) in order to select
the best suited polynomial for the flow simulations. The 5th order polynomial
is selected in this case as it has the best boundary values, where the boundary
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values of the flow are expected to be zero. The 4th degree polynomial would
also suffice for instances where perfect occlusion occurs (no compression of the
tube). Because the pump is symmetrical around the y-axis, the value of Q,; at
the inlet is equal to the reversed inverse value of Q.4 at the outlet.

10¢ ----3rd degree polynomial 20 7\\ =~ 3rd degree polynomial
ok \ 4th degree polynomial \ 4th degree polynom!al
& N —5th degree polynomial| / T 0 \ [—5th degree polynomial
3 3
E-10/ E
Q Q
© 8
2207 z
k=) o
[N L
-30 ¢
-40 : ‘ : : ‘ : :
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0.08
Time [s] Time [s]
(a) Flow without tube compression (b) Flow with tube compression

Figure 3.17: lllustration of the effects of different polynomial orders of the
volume function on the flow values over time for perfect occlusion
and compression

The average flow can be calculated by subtracting the flow induced by the
rollers from the maximum flow and calculating the average flow over a period
of time in (3.38). This can be verified by calculating the volume that the pump
displaces (3.39) and multiplying it with the rotational speed of the pump as in
(3.41). The volume that the pump displaces per revolution can be calculated
by multiplying the sectional volume V.. with the amount of sections, which is
equal to the amount of rollers NU. The sectional volume indicates the volume
of the fluid in the tube between two rollers and is calculated by subtracting
the volume of one roller from the total volume of tube between two rollers as
in (3.40). This sectional volume is indicated by the shaded area in Fig. 3.18. The
volume displaced by one roller is subtracted, as half of a roller is present at each
end of the tube section.

1 t
Qavg = ;‘/(; (Qnom — Qea) dt (3.38)

The volume displaced by the pump for one rotation as:

Viot = Vsection* NU, (3.39)

49



CHAPTER 3. PERISTALTIC PUMP MODELLING 3.5. LUMPED PARAMETER MODEL

with the sectional volume as:
5 [ 27
Visection = Try - ﬁ(rb =10)| = Vyoller- (3.40)

The average flow per second can be calculated numerically by multiplying
the volume displaced per revolution (V;,;) with the speed N in r/min as:

Vrot'N
60

Qavg = (3.41)

Fluid
segment

Rollers

Figure 3.18: Indication of fluid segment between two rollers in a rotary
peristaltic pump for average flow calculations

3.5 Lumped parameter model

The lumped parameter model of Moscato et al. [16] was studied in detail, with at-
tempts made at recreating the simulation with the values and variables given in
the paper. This proved difficult, and several discrepancies arose to the proposed
model. For reference, the lumped parameter model proposed in [16] (found in
the literature study) is shown again in this section in Fig. 3.19. This is done as a
detailed discussion is undertaken in order to give insight into the derivation of a
generalised lumped parameter model. This general lumped parameter model
is used for the simulation of the pressure response of the system in which the
three dimensional (3D) printed peristaltic pump is integrated with.

For clarification, a line in this section refers to the hydraulic segment of fluid
connected to the pump. These usually consist of tubes connected in series or
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parallel to the inlet and outlet of the pump, and are hence referred to as inlet
and outlet lines.

Paﬁ‘[m Paﬁtm
P_ed I(t) Q_ed_I(t) P ed Iy L Q ed lit)
Q_r 12(t) Qr 1w Q_r li2)
Rt Lt 1 Lout®  Rout(t
in(t) in(t) Pin(®) Pout(t) outt)  Rout(t)
Icin Q_roll_I(t) Ictube Q_roll_li(t) Cout
P:es P;m Pajtm F‘ajtm Pr;s

Tube into
pump housing

Pump roller | Pump roller Il

Figure 3.19: The lumped parameter model diagram of a two-roller peristaltic
pump proposed in [16]

P, and P,,; in Fig. 3.19 indicate the inlet and outlet pressures, where the
inlet line and outlet line connect to the pump. The inlet and outlet line are seen
connected to identical subsystems, which represent the properties of the rollers
in the pump. Between the two rollers is an additional capacitance variable,
representing the compliance of the tube segment between the two rollers.

The roller induced flow sources (Q.4 ; and Q.4 ;) are variable flow sources
with the values derived from the motor speed and the differentiation of the roller
volume across the engage angle. The nominal flow variables (denoted as Q,¢;; 1
and Q,,; 1) are also variable flow sources with their maximum value equal to
that of the nominal flow described earlier in this chapter. These flows are based
on whether or not the roller is in contact with the tube in [16], hence creating a
flow during movement. These nominal flow variables range from 0 to Q. in a
linear fashion across the angle of engagement seen in Fig. 3.20. For clarification,
the pump modelled here is a two-roller pump symmetrical around the y-axis
with a contact angle of 180 °.

This brings about the first discrepancy, namely unaccounted flow. The
sum of these two flow variables results in a spike in flow through the system
during roller engagement/disengagement. This spike is unaccounted for, with a
magnitude near that of the roller induced flow, which is problematic.

The second discrepancy is attributed to the roller induced flows Q.g4, as the
induced flow values contain both the positive displacement flow and negative
displacement flow. This is strange as the input should be attributed with a posi-
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Figure 3.20: Illustration of the nominal flow variables used with the model
in [16] with indication of the accounted flow spike

tive displacement, as it opposes the direction of the flow. For the same reason the
outlet should be attributed with a negative flow only. This discrepancy resulted
in the simulation having a pulsation period double than that expected, with the
wavelike pressure pulsations not resembling the results from the article. To be
fair, the discrepancies of the model might be due to a lack of understanding of
the simulation procedure.

Furthermore, it is not described whether or not the model is applicable to
pumps with more or less than two-rollers. The model, however, does not appear
to accommodate pumps with different numbers of rollers, as an additional Q,,;;
variable would be required for a third roller. This would also increase the total
flow of the model above that which is physically possible of the pump, as the
unaccounted flow spikes would increase in length as the flows overlay each other.

These discrepancies motivate an alternative approach for modelling a gener-
alised lumped parameter model for roller-type peristaltic pumps. The model
proposed in [16] can be simplified by removing the subsystems of the rollers in
the lumped parameter model. The Q,,;; variables that describe the volumetric
flow rate of the pump should also be revised. The assumption of complete
occlusion of the tube implies isolation of the pressure response between the
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inlet and the outlet. This implies that the inlet and outlet can be modelled as
two separate subsets connected to one another by a flow source. It is common
for positive displacement pumps to be modelled as flow sources, rather than
pressure sources (as with kinetic pumps), as the pressure differential over the
pump does not deter flow idealistically [60].

The reservoir pressure of the inlet and outlet lines can be modelled as voltage
sources leading towards the pump. The additional flows created by the rollers
Q.4 can be modelled as variable flow sources at the pump inlet and outlet as
in [16]. The DC flow source of the lumped parameter model has a value equal
to that of the nominal flow of the pump. The additional flow source at the inlet
of the pump denoted as Q.4 ;, is expected to be a positive flow source, while
the additional flow source at the outlet of the pump Q.4 ., is expected to be a
negative flow source.

The total resistance for a single line with multiple tube sections can be calcu-
lated as the sum of all resistive values in series (3.42). For multiple inlet/outlet
lines the total resistance value for each line would need to be added as resistance
values in parallel to get the total resistance value for the line (3.43).

Rseries=R1+Ra+...+ Ry (3.42)
1 1 1 1
— =+t —t.t+— (3.43)
Rparallel Ry R Ry

The total capacitance for a single line with multiple tube sections can be
calculated by summing the compliance values of each section of the inlet/outlet
line as capacitors in parallel (3.44). If multiple inlet/outlet lines are present, the
total capacitance of each additional line can be added together as capacitors in
parallel as well. This is due to the compliance of each section of the line acting
as a capacitor in series, where each section adds an individual capacitance value
directly to the inlet/outlet line.

Ciotal =C1 +Co+...+Cy, (3.44)

The total inductance value for a single line with multiple tube sections can
be calculated as multiple inductance values in series (3.46). For multiple in-
let/outlet lines the total inductance value for each line would need to be added
as inductance values in parallel to get the total inductance value for the line
(3.45).

53



CHAPTER 3. PERISTALTIC PUMP MODELLING 3.5. LUMPED PARAMETER MODEL

The total resistance and inductance values can be placed in series on the
inlet and the outlet lines with the nominal flow rate as the central source. Thus
the inlet and outlet are coupled to the nominal flow rate in series. The total
capacitance value can be placed in parallel to the inlet and outlet line between
the flow source and the resistance and inductance values with a common ground
as the reference. The variable flow sources of the Q,; values can be placed
between the central flow source and the capacitor values as indicated in Fig. 3.21.

1 1 1 1
— = — .t — (3.45)
Lpamllel Ly L Ly
Lseries=L1+Lo+...+ Ly, (3.46)
Inlet line Pump Outlet line
Rin Lin Pin Qnom Pout Lout Rout

YN

P res

1

N
Cin
Qediin Qed

Cout Pres
_out I

Figure 3.21: Illustration of an equivalent circuit model of a roller-type peristaltic
pump integrated within a hydraulic system

Since the variable flow sources are based on the volume displacement of a
roller, a pump with any amount of rollers should theoretically be able to be mod-
elled with the following limitation: The number of rollers on the pump model
should not exceed that which the pump is physically capable of handling. This is
because the rollers physically occupy the available space inside the pump, which
implies that there is a physical limitation on the number of rollers on a certain
pump design. Generally, larger roller sizes reduce the number of rollers that
the pump can be designed with, whereas smaller rollers increase the number of
rollers that the pump can be designed with.

This model is not, however, perfect and does not account for the capacitance
of the tube between the inlet and the outlet, as seen in [16]. This could alter the
values slightly as the capacitance between the two rollers should theoretically
transport fluid from the inlet to the outlet under larger pressures. For this
reason the lumped parameter model should not be used to determine the flow
through the pump. Thankfully the lumped parameter model is dependant on
the modelled flow, and so it is not necessary to obtain further flow values.
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3.6 Peristaltic pump model

The modelled flow values presented in this section were calculated in MATLAB.
The results are then used in a Simulink simulation environment that solves the
lumped parameter model. The model consists of elements of both the Simulink
and Simscape libraries/toolboxes. The multi-domain simulation environment
of Simulink allows the Simulink components to receive values from the MATLAB
workspace, and pass the values on to the Simscape objects as desired. In other
words, the Simulink environment is used to control and evaluate the Simscape
toolbox components.

3.6.1 Numerical modelling

The discrete integration approximation method is used to determine the roller
induced flow based on the geometry of the pump. For this reason the pump
geometry is first defined. The variables required to determined the flow are
determined in the same order as they are presented in this chapter.

The trigonometric functions are first solved to determine engaging angle
¢, after which the leading edge distance can be calculated. The inflating roller
angle which is based on the leading edge distance can then be calculated over
the engaging angle. The maximum angle that can be used to determine the
maximum horizontal length X is thus also solved and X can be calculated. The
maximum volume displacement approximations can thus be calculated with
these values.

A reference vector is created by defining dx by dividing X by the number
of elements in 0 and incrementally increasing the vector’s value from 0 to X in
increments of dx. The complimentary roller angle for each incremental distance
in this vector is then determined. The complimentary length can be determined
based on the leading edge distance and the complimentary roller angle. This
complimentary length is in the form of a matrix and is where the aforementioned
hard limits are applied.

With the complimentary length determined, the radii of the collapsing el-
lipse can be determined and thus the area. The area is subtracted from the area
of the uncompressed tube for each value in the reference vector ranging from 0

to X. Each area is then multiplied by the distance dx and summed.

A polynomial is fit to the approximated volume to be differentiated in or-
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der to calculate the flow generated by the volume being displaced. Using the
rotational speed of the pump, the time attributed to the angle vector can be
calculated and used to determine the flow value over the time span of the engage
angle. The Q.4 i, and Q.4 o4 flow vectors are generated as a vector of zeroes
with a length equal to the simulation time divided by the simulation step time h.

Based on the rotational speed and the pump geometry, the engaging and
disengaging times are calculated. The roller induced flow is then added to
Qeq_in and subtracted from Q.4 o, With regards to when the roller engages or
disengages the tube.

3.6.2 Simulink/Simscape

The Qeq_in and Qeq oy vVectors are imported into the Simulink environment by
using a repeating sequence block.! The time vector used for the sequence is
equal to the simulation time span with increments of h = 0.001 s. The variable-
step solver odel5s (stiff) was selected to solve the model with a maximum step
size 0of 0.001 s. The current sources, resistors, capacitors, and inductors are given
their values in the MATLAB environment. The variables within the MATLAB
workspace can be called within the Simulink/Simscape environment to derive
values of certain components.

The voltage sources located on the inlet and outlet lines normalise the pres-
sure displayed on the scopes to that of the ambient pressure in the reservoir.?
The current sources have the same values of the modelled flow in mL/s. It is
important to note the units used within the simulation, as the resistors, ca-
pacitors, and inductors, will have their units based on the flow. This implies
that the resistance, capacitance, and inductance units are kPa-s/mL, mL/kPa,
and kPa-s?>/mL respectively. The pressure variables are exported to the MATLAB
workspace via sinks once the simulation is completed to be saved and processed.

The simulating model is indicated in Fig. 3.22, with blue components indic-
ating Simscape blocks and black components indicating Simulink blocks. The
blocks used within the simulation are numbered from 1 to 13, indicating the
thirteen different types of blocks used. Indication is made in Fig. 3.22 of the
component numbers next to their corresponding components for reference. The
components of the simulation are listed in Table 3.1 along with an indication of
the containing library/toolbox of the component.

IBlocks refer to the library component programmed with a specific function.
2The reservoir pressure is the taken as the absolute pressure reading at the bottom of the
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Figure 3.22: Simulink/Simscape model used to simulate the pressure pulsations
of a peristaltic pump

Table 3.1: Simscape/Simulink component list used for the peristaltic pump
simulation inside the Simulink environment

Item Component Description:
number: library:
1 Simscape Resistor
2 Simscape Inductor
3 Simscape Capacitor
4 Simscape Voltage source
5 Simscape Electrical reference
6 Simscape DC current source
7 Simscape Controlled current source
8 Simulink Repeating sequence
9 Simulink Solver configuration
10 Simulink Sink (to workspace)
11 Simulink Scope
12 Simulink PS-Simulink converter
13 Simulink Simulink-PS converter

IeServoir.
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3.7 Model verification

Information pertaining to the experimental tests and the corresponding sim-
ulations of a two-roller pump are given in [16]. Unfortunately some of the
geometries of the pump are not included in the paper, such as the radial sizes
of the roller and backplate. This can be attributed to a different modelling
approach that focusses on the pressure dynamics of the pump, where the im-
portance of these geometries were mitigated by data-driven modelling of the
flow. Indication is however made of the roller offset radius, tube diameters, and
system variables. These variables, geometry sizes, and results can be used to
verify the modelling and simulation described in Chapter 3 to some degree.

The roller volume and flow rate can be validated by comparing the form of
the volume displacement per unit of rotation to that of the curve outlined in [16].
The exact values will not be obtainable, as the needed geometry is not provided,
however, an iterative approach can be undertaken to further study the volume
and induced flow rate curves.

The peristaltic pump lumped parameter model can be evaluated with regards
to the following aspects: The interval between peak to peak values of a pressure
signal (period of the wavelength), periods between the variable inputs of the inlet
and outlet line, and maxima and minima values of the pressure signals. These
aspects are chosen to be verified as their theoretical value can be calculated, or
they can be compared to the test results in [16].

3.7.1 Roller volume displacement approximation

The discrete integration method for the roller displacement volume approx-
imation can be compared to the values of the data driven model given in [16].
Because the radial sizes of the backplate and roller are not given, the volume was
iteratively solved using a fixed roller offset length. The size of the backplate was
set to be equal to the sum of the roller radius, roller offset radius, and twice the
wall thickness of the tube as in (3.47). This assumption of the backplate length
can be made, as it is indicated in [16] that perfect or near perfect occlusion of
the pump achieved.

b = Troller + Tof fser +2W (3.47)

With the offset radius and the tube dimensions known, the roller radius was
adjusted until the maximum volume resembled that of the value in [16]. The
function of the volume over the angle of rotation provided in [16] is referred
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to as the reference volume, and can be determined as V;7(0) = —0.0001(0)3 +
0.0042(6)% +0.03(0) — 0.027. Fig. 3.23 indicates the volume approximation using
discrete integration compared to the polynomial volume function of [16] as
a reference. The angle of engagement of the reference volume was given as
32.00 °, whereas the modelled approximation volume had an angle of 29.16 °.
The difference in the engaging angle can be attributed to the assumption that
the tube conforms perfectly to the form of the roller. Another possibility for
the discrepancy can be attributed to imperfect testing, as the tube might bend
inconsistently during testing.

2t T ]
151 .
=
E
) 1 |
E Verification reference
(>) l'roIIer = 15mm
05 l'roIIer = 20mm |
' ~ Troller = 25mm
rroIIer = 30mm
op=" | [ oller = 35MM .
0 5 10 15 20 25 30 35 40

Rotation angle [°]

Figure 3.23: Volume approximation values plotted for varying roller sizes
(rro11¢r) OVer the angle of rotation of the motor with a comparison
to the reference value

The roller radius size with the closest volume to that of the reference is
30 mm, however, the size is likely smaller than this due the assumptions of the
modelling mentioned previously. Table 3.2 indicates the varying roller sizes with
their corresponding maximum volume values and engagement angles. It is clear
that if the backplate radius is dependant on the roller radius, as in 3.47, that the
angle of engagement stays constant. Fig. 3.24 indicates that the more realistic
roller sizes of 20 mm and 25 mm have the closest resemblance to the reference
roller induced flow in terms of magnitude.
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Figure 3.24: Roller induced flow value plots for varying roller sizes, adjusted for
comparison

Table 3.2: Indication of maximum volume displacements and angles of
engagement relational to the roller size

. Maximum displaced Angle of
Roller size [mm]:
volume [mL]: engagement [°]:
15 1.30 29.16
20 1.53 29.16
25 1.74 29.16
30 1.92 29.16
35 2.09 29.16

3.7.2 Peristaltic pump lumped parameter model

In order to separately verify the values of the simulation, the reference volume
shown in Fig. 3.23 was used as an input parameter to the generalised lumped
parameter model. The variables of the simulation were set equal to that of
the control test found in [16]. Another discrepancy regarding the resistance of
the inlet and outlet arose, as the magnitude of the resistance was described as
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being dependant on the flow, implying a second order relationship to the flow
(kPa-s?>/mlL?). This discrepancy was solved by obtaining the average resistance
value relational to the average flow of the pump, and using the average value as
the resistance value. The parameters used for the verification are provided in
Table 3.3, with the volume displacement of the roller defined by the function
provided in [16]. The volume function is used initially in order to verify the
lumped parameter model separately from the roller volume approximation.

Table 3.3: Simulation parameters used to verify the lumped parameter model

Parameter: Symbol: Value: Units:
Operational speed N 54 r/min
Number of rollers NU 2 -
Pump contact angle p 0 °
Angle of engagement ¢ 32 °
Reservoir pressure Pios 1.867 kPa
Nominal flow Qnom 30.167 mL/s
Inner tube radius r; 4.765 mm
Tube wall thickness w 1.590 mm
Inlet resistance Rij 0.278 kPa-s/mL
Outlet resistance Rout 0.165 kPa-s/mL
Inlet capacitance Cin 0.060 mL/kPa
Outlet capacitance Cour 0.060 mL/kPa
Inlet inductance Lin 0.016 kPa-s?/mL
Outlet inductance Lout 0.014 kPa-s?/mL

The relevant periods from peak to peak of the outlet and inlet pressures (P
and P;,) are indicated in Fig. 3.25 as T and T5 respectively. The period between
two peak maxima values can be calculated with reference to the rotational speed
and number of rollers on the pump, as in (3.48), and should be the same for the
inlet and outlet.

2m
NU-w
The input offset period T3, also indicated in Fig. 3.25, defines the period of
time between the peak values caused by the roller induced flow input variables
for the inlet and outlet line. This period is defined by the contact angle of the
pump f, the angle of engagement ¢, and the motor speed w as:

=T =

(3.48)
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Figure 3.25: Pressure waveform plot of the simulation response indicating the
outlet pulsation period (T1), inlet pulsation period (73), input offset
period (T3), and inlet and outlet minima and maxima

Table 3.4 indicates the values obtained from the simulation with provided
flow inputs, as well as the theoretical values determined numerically. Addi-
tionally, the experimental values provided in [16] are also listed for further
comparison. By increasing the outlet capacitance C,,; by 0.0120 mL/kPa (20 %)
and reducing the outlet resistance by 0.041 kPa-s/mL (25 %) the outlet pressure
better resembled the experimental values of [16] as P,,; max = 144.0 kPa and
P,,; min = -51.6 kPa.

Lastly, a roller size of 22.5 mm was specified for the displacement approxima-
tion, as the correlating roller induced flow has the exact same magnitude as that
of the reference, and used for a final simulation comparison. Fig. 3.26 indicates
the pressure response of the simulation to the approximated flow inputs with
adjusted outlet capacitance and resistance values. P,,; max and P,,; min are
equal to 133.6370 kPa and —54.69 kPa respectively, with P;, max and P;, min
equal to 63.90 kPa and -119.69 respectively. The experimental values of the
control experiment of [16] are also provided for comparison. The values are
not identical but show the very close correlation in the pressure waveform over
time. The largest differences between the reference (control test) values and
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Table 3.4: Simulation results and comparison to theoretical and reference
values, with adjusted parameter results indicated in brackets

. Theoretical Simulation Experimental .

Variable: reference Units:
value: value:
from [16]

T 0.5556 0.5565 ~ (0.55

T, 0.5556 0.5558 =~ 0.55

T3 0.0989 0.1076 =~ 0.1 S
Py, max - 165.8 (144.0) =~ 140 kPa
Py, min - —-65.3 (-51.6) =~ -55 kPa
P;,, max - 74.2 =~ 70 kPa
P;, min - -136.6 ~-135 kPa

simulation values are found on the outlet pressure. The wave is seen to oscillate
with larger pressure values than that of the reference. These oscillations, which
refer to the second and third peaks, are indicated by the arrows in Fig. 3.26a.
This discrepancy could possibly be due to the loss of the intermediate capa-
citor, which resembled the tube segment between the rollers transporting fluid.
This possibility is further motivated due to the fact that increasing the outlet
capacitance increases model accuracy in this case.
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(b) Moscato et al. control test (reprinted with permission)3

Figure 3.26: Verification of (a) the generalised lumped parameter model with
modelled inputs with respect to (b) the pressure response of

Moscato et al. [16]

3Reprinted from Medical Engineering & Physics, Vol. 30, E Moscato et al. [16], Pressure
Pulsations in Roller Pumps: A Validated Lumped Parameter Model, Pages 1149-1158, Copyright

(2008), with permission from Elsevier.
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3.8 Conclusion

This chapter provides insight on the modelling of a roller-type peristaltic pump
using the geometry of the pump to obtain flow variables. The flow variables
are used to attempt to model the pressure response of the system the pump is
integrated with in continuous rotation.

Three roller volume approximation techniques are described for modelling
the total volume displaced of the roller during complete occlusion. The dis-
crete integration approximation offers a continuous volume displacement value
during the engaging/disengaging phase of the roller, whereas the other approx-
imations are not suitable for this. The accuracy of the approximation methods
are reliant on the roller radius to backplate radius ratio, where smaller ratios
imply better accuracy. This may imply that the approximation methods and
modelled flow rates are not suitable for the single-roller peristaltic pump designs,
commonly associated with larger roller sizes. A straight inlet/outlet tangent to
the backplate should be considered a vital parameter to the approximations,
and should ensure accuracy for pumps with smaller roller to backplate ratios.

A generalised lumped parameter model is derived with the work of Moscato
et al. [16] and is a reduced form of this model. The generalised model is motiv-
ated by certain discrepancies found regarding flow characteristics and inputs of
the model it was derived from. Additionally, the new model allows for modelling
pumps with varying numbers of rollers, provided the parameters are realistic
with respect to the physical limitations of the pump.

The peristaltic pump model was simulated in Simulink/Simscape with the
parameters and input variables calculated in MATLAB. The results are verified
by comparison to the experimental results provided in [16] with varying geomet-
rical parameters i.e. roller radius size and backplate radius size. The simulation
results show strong correlation with the provided experimental values, and ex-
hibit predictable behaviour with regards to the input variables.

As the peristaltic pump is considered to be a positive displacement pump,

a pump design can be specified using the modelled flow rates Qg and Qnom,
and pump volume displacement per rotation V.
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CHAPTER 4

Peristaltic pump design

4.1 Introduction

This chapter discusses the design of the peristaltic pump to be manufactured us-
ing three dimensional (3D) printing assisted by the model developed in Chapter
3.

The material and printer selection, as well as the design considerations are
discussed first to ascertain the design constraints and specifications discussed
thereafter. The design considerations focus on the aspects that may influence
the method of designing and developing the pump’s parts. The section includes
alook at software selection, infill style and percentage, and topology optimisa-
tion.

The physical constraints following the design specifications section are
mostly derived from the assumptions made in the modelling section. The model
is then used to provide design specifications of the pump for the hypothetical
application as an electro-hydrostatic actuator (EHA) with certain required char-
acteristics.

After the design specifications have been reviewed, the two concept designs
generated are detailed and discussed. The concept design with the most desir-
able characteristics is selected and iteratively improved upon until the pump has
met all the desired characteristics. The chapter is concluded with a discussion
on the final design and the manufacturing method of the pump.

66



CHAPTER 4. PERISTALTIC PUMP DESIGN 4.2. MATERIAL AND
PRINTER SELECTION

4.2 Material and printer selection

Polyethylene terephthalate (PETG) has adequate properties for mechanical parts
in polymer products and is readily available at the manufacturing facility. An-
other option for the Prusa printer would be polylactic acid or polylactide (PLA),
however it does not have better material characteristics for this purpose. In
addtion, PLA tends to be more brittle and has less mechanical strength.

The Prusa MK2.5 and Prusa MK3 have substrate bed dimensions of 210 mm
by 210 mm and a maximum print height of 250 mm. These dimensions limit
the parts to be printed with regards to maximum size. Both of these printers
do not offer dissolvable support and the part must therefore be optimised for
minimum support.

Hoses used in higher pressure hose type peristaltic pumps require a larger
force to occlude the tube. This implies that there will be a stronger material
required for the backplate and connection of the roller. The printer is limited
by the strength of the material selected for manufacturing, and thus tube-type
roller pumps would be better suited for this application.

Of the tube types available, silicon and Autoprene polymer tubes have the
best characteristics for the use of hydraulic actuation with regards to additive
manufacturing. Autoprene is more resistant to wear but requires a larger force to
collapse than silicon. Silicon is the most common material for peristaltic pump
process tubes [3] and is one of the softer tube materials.

In order to negate the pump being limited by the strength of printed com-
ponents, silicone is selected for the tube material. This is due to the availability
of the tube, the lower price of the tube, and the low force required to collapse
the tube. The selected tube material is a high strength silicon polymer available
with the Versilon SPX-60 FB tube manufactured by Saint-Gobain.

Compliant tubes, such as those used in peristaltic pumps, are associated
with a minimum bend radius. This radius defines the radius that the tube can
be bent at a constant radius before the stress between the inner and outer radii
causes the tube to collapse. This is an undesired collapse as it can obstruct flow
and cause inaccuracies regarding the modelling. The bend radius is correlated
to the inner and outer radius of the tube and should be taken into consideration
when designing the backplate with dimensional restrictions.
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Since the material used for the pump is relatively soft and is manufactured
in a method that offers flexibility, it should be considered designing the parts to
allow for external strength and support. This external strength and support can
be applied with common construction items such as nuts and bolts.

4.3 Design considerations

4.3.1 Software

Various vendors offer slicing software and licenses. CAD software is usually used
in profes